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RECOMBINANT MICROORGANISMS
COMPRISING STEREOSPECIFIC DIOL
DEHYDRATASE ENZYME AND METHODS
RELATED THERETO

FIELD OF THE INVENTION

The present invention relates to a enzymatic reaction con-
verting propane-1,2-diol to propan-2-one and propanal and a
process to produce products including propanal, propan-2-
one, propan-1-ol and/or propan-2-ol by microbial fermenta-
tion of a substrate.

BACKGROUND OF THE INVENTION

To date, most chemicals such as propanal, propan-2-one,
propan-1-ol and/or propan-2-ol, propylene, or isubutylene
are derived from petrochemical sources. With diminishing
global reserves of crude oil and increasing demand from
developing countries, the pressure on oil supply and demand
will grow and alternative bio-based chemicals are being
developed. The current generation of biochemicals that use
either food or non-food crops to produce sugar or cellulose-
based feedstocks may have drawbacks relating to land-use,
food-security, and volatility of supply and environmental
issues.

Propan-2-one is an important solvent with an annual
demand of 2 million metric tonns per annum in the United
States. Propan-2-ol is used as solvent for coatings or for
industrial processes with a capacity of 3 million metric tonns
per annum. 1-propanol is important in production of drugs
and cosmetics and is considered as fuel substitute. Isobuty-
lene is a chemical building block and key precursor for
numerous chemicals. The worldwide demand for isobutylene
has been estimated to exceed 10 million metric tons per year
and its market value at 25 billion US dollar.

It has long been recognised that catalytic processes may be
used to convert gases consisting primarily of CO and/or CO
and hydrogen (H,) into a variety of fuels and chemicals.
However, micro-organisms may also be used to convert these
gases into fuels and chemicals. These biological processes,
although generally slower than chemical reactions, have sev-
eral advantages over catalytic processes, including higher
specificity, higher yields, lower energy costs and greater
resistance to poisoning.

CO is a major free energy-rich by-product of the incom-
plete combustion of organic materials such as coal or oil and
oil derived products. For example, the steel industry in Aus-
tralia is reported to produce and release into the atmosphere
over 500,000 tonnes of CO annually.

The ability of micro-organisms to grow on CO as their sole
carbon source is a property of organisms that use the acetyl
coenzyme A (acetyl CoA) biochemical pathway of
autotrophic growth (also known as the Woods-[ jungdahl
pathway). A large number of anaerobic organisms including
carboxydotrophic, photosynthetic, methanogenic and aceto-
genic organisms have been shown to metabolize CO to vari-
ous end products, namely CO,, H,, methane, n-butanol,
acetate and ethanol. When using CO as the sole carbon source
all such organisms produce at least two of these end products.

Some microorganisms such as Clostridium acetobutylicum
or Clostridium beijerinckii are known to produce propan-2-
one or propan-2-ol as major by-products during butanol fer-
mentation (ABE or IBE fermentation) (George et al. 1983),
while propan-1-ol is a byproduct of fermentations with yeast
Saccharomyces cerevisiae (Hazelwood et al. 2008). How-
ever, all these organisms rely on sugar or starch based sub-

10

15

20

25

30

35

40

45

50

55

60

65

2
strates. Acetogenic organisms such as the closely related
microorganisms  Clostridium  autoethanogenum,  C.

ljungdahlii, and C. ragsdalei are able to grow chemoau-
totrophically on CO or CO,/H, containing gases as sole
energy and carbon source and synthesize products such as
acetate, ethanol, butanol or 2,3-butanediol, but neither pro-
pan-2-one nor propan-2-ol (Munasinghe and Khanal 2010).
Although propan-2-one to propan-2-ol reduction have been
shown in acetogenic species, the underlying principle is
unknown (Ramachandriya et al. 2011).

It is an object of the invention to provide a method of
production of propanal, propan-2-one, propan-1-ol and/or
propan-2-ol or their precursors.

SUMMARY OF INVENTION

The invention provides, inter alia, an enzymatic reaction
converting propane-1,2-diol to propan-2-one and propanal
and methods for the production of propanal, propan-2-one,
propan-1-ol and/or propan-2-ol by microbial fermentation (in
particular of a substrate comprising CO), and recombinant
microorganisms of use in such methods.

In a first aspect, the invention provides an enzymatic reac-
tion converting propane-1,2-diol to propan-2-one and propa-
nal catalysed by a type of diol dehydratase enzyme.

In one particular embodiment, a method of producing pro-
panal, propan-2-one, propan-1-ol and/or propan-2-ol com-
prising fermenting a substrate in the presence of a microor-
ganism wherein the substrate contains propane-1,2-diol is
provided.

In one particular embodiment, the microorganism pro-
duces one or more other products. In one embodiment, the
one or more other products is ethanol, butanol and/or butane-
diol.

In one embodiment, the microorganism is a carboxy-
dotrophic microorganism.

In one particular embodiment, the carboxydotrophic
microorganism  is  Clostridium  autoethanogenum,
Clostridium ljungdahlii, Clostridium ragsdalei, Clostridium
carboxidivorans, Clostridium drakei, Clostridium scatolo-
genes, Clostridium aceticum, Clostridium formicoaceticum,
Clostridium magnum, Butyribacterium methylotrophicum,
Acetobacterium woodii, Alkalibaculum bacchii, Blautia pro-
ducta, Eubacterium [imosum, Moorella thermoacetica,
Moorella thermautotrophica, Sporomusa ovata, Sporomusa
silvacetica, Sporomusa sphaeroides, Oxobacter pfennigii,
and Thermoanaerobacter kiuvi.

In one embodiment, the microorganism is a recombinant
microorganism as defined hereinafter.

In one embodiment, the microorganism is selected from
the genus Escherichia, Saccharomyces, Clostridium, Bacil-
lus, Lactococcus, Zymomonas, Corynebacterium, Pichia,
Candida, Hansenula, Trichoderma, Acetobacterium, Ralsto-
nia, Cupravidor Salmonella, Klebsiella, Paenibacillus,
Pseudomonas, Lactobacillus, Rhodococcus, Enterococcus,
Alkaligenes, Brevibacterium, Methylobacterium, Methylo-
coccus, Methylomonas, Methylocystis, Methylosinus.

In one particular embodiment, the microorganism is
selected from the group consisting of E. coli, Saccharomyces
cerevisiae, Clostridium acetobutylicum, C. beijerinckii, C.
saccharbutyricum, C. saccharoperbutylacetonicum, C.
butyricum, C. diolis, C. kluyveri, C. pasterianium, C. novyi,
C. difficile, C. thermocellum, C. cellulolyticum, C. cellulo-
vorans, C. phytofermentans, Lactococcus lactis, Bacillus
subtilis, Bacillus licheniformis, Zymomonas mobilis, Kleb-
siella oxytoca, Klebsiella pneumonia, Corynebacterium
glutamicum, Trichoderma reesei, Ralstonia eutropha,
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Cupriavidus necator Pseudomonas putida, Lactobacillus
plantarum, Methylobacterium extorquens.

In one embodiment the method comprises the steps of:

a. aerobic or anaerobic fermentation providing a substrate
comprising of sugar, starch, cellulose, biomass hydroli-
sates, syngas and/or glycerol to a bioreactor containing a
substrate comprising a culture of one or more microor-
ganisms;

b. providing propane-1,2-diol to the substrate; and

c. anaerobically fermenting the culture in the bioreactor to
produce propanal, propan-2-one, propan-1-ol and/or
propan-2-ol.

In one particular embodiment the method comprises the

steps of:

a. providing a substrate comprising CO to a bioreactor
containing a substrate comprising a culture of one or
more carboxydotrophic microorganisms;

b. providing propane-1,2-diol to the substrate; and

c. anaerobically fermenting the culture in the bioreactor to
produce propanal, propan-2-one, propan-1-ol and/or
propan-2-ol.

In one particular embodiment the method comprises the

steps of:

a. capturing CO-containing gas produced as a result of an
industrial process

b. anaerobic fermentation of the CO-containing gas to pro-
duce propanal, propan-2-one, propan-1-ol and/or pro-
pan-2-ol in a substrate comprising one or more carboxy-
dotrophic microorganisms and propane-1,2-diol.

In one embodiment the method comprises the steps of:

a. aerobic or anaerobic fermentation providing a substrate
comprising of sugar, starch, cellulose, biomass hydroli-
sates, syngas and/or glycerol to a bioreactor containing a
substrate comprising a culture of one or more microor-
ganisms;

b. with one or more microorganisms producing propane-1,
2-diol;

c. and one or more microrganisms convert propane-1,2-
diol and produce propanal, propan-2-one, propan-1-ol
and/or propan-2-ol.

In particular embodiments of the method aspects, the fer-

mentation occurs in an aqueous culture medium.

In one embodiment, the propane-1,2-diol is (R)-propane-
1,2-diol and the product is propan-2-one and/or propan-2-ol.

In one embodiment, the propane-1,2-diol is (S)-propane-
1,2-diol and the product is propanal and/or propan-1-ol.

Preferably, the substrate comprises CO. Preferably, the
substrate is a gaseous substrate comprising CO. In one
embodiment, the substrate comprises an industrial waste gas.
In certain embodiments, the gas is steel mill waste gas or
syngas.

In one embodiment, the substrate will typically contain a
major proportion of CO, such as at least about 20% to about
100% CO by volume, from 20% to 70% CO by volume, from
30% to 60% CO by volume, and from 40% to 55% CO by
volume. In particular embodiments, the substrate comprises
about 25%, or about 30%, or about 35%, or about 40%, or
about 45%, or about 50% CO, or about 55% CO, or about
60% CO by volume.

In one embodiment, the method further comprises the step
of recovering the propanal, propan-2-one, propan-1-ol and/or
propan-2-ol and optionally one or more other products from
the fermentation broth.

In one embodiment, the propane-1,2-diol is added to the
fermentation substrate prior to, concurrently with, or subse-
quently to the introduction of the microorganism to the sub-
strate.
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In one embodiment, the CO and/or other components of a
fermentation broth may be added to the substrate prior to,
concurrently with, or subsequently to the introduction of the
propane-1,2-diol.

In one embodiment, the propane-1,2-diol present in the
substrate is produced by the carboxydotrophic microorgan-
ism that produces the propanal, propan-2-one, propan-1-ol
and/or propan-2-ol. In one embodiment, the propane-1,2-diol
may be produced in the same bioreactor or a different biore-
actor.

In a further embodiment, the propane-1,2-diol is produced
by a different microorganism in the same bioreactor or in a
different bioreactor.

Recombinant Microorganisms

In a second aspect, the invention provides a recombinant
microorganism modified to express one or more exogenous
diol dehydratase enzymes not present in a parental microor-
ganism (may be referred to herein as an exogenous enzyme).

In third aspect, the invention provides a microorganism
modified to over-express one or more endogenous diol dehy-
dratase enzymes which are present in a parental microorgan-
ism (may be referred to herein as an endogenous enzyme).

In forth aspect, the invention provides a microorganism
modified to express variants of one or more endogenous diol
dehydratase enzymes which are present in a parental micro-
organism (may be referred to herein as an endogenous
enzyme).

In an embodiment ofthe second, third or fourth aspects, the
microorganism is adapted to be able to achieve a higher yield
of propanal, propan-2-one, propan-1-ol and/or propan-2-ol
than would be produced by a parental microorganism.

In an embodiment ofthe second, third or fourth aspects, the
microorganism is adapted to produce propanal, propan-2-
one, propan-1-ol and/or propan-2-ol at a faster rate than
would be produced by a parental microorganism.

In one embodiment of the second aspect, the diol dehy-
dratase enzyme.

In a particular embodiment, the diol dehydratase enzyme
has the identifying characteristics of a diol dehydratase from
Clostridium autoethanogenum or C. [jungdahlii (EC
4.1.2.28), or a functionally equivalent variant thereof.

In a particular embodiment, the diol dehydratase enzyme
has the identifying characteristics of a propanediol dehy-
dratase from Klebsiella oxytoca or K. pneumoniae (EC
4.1.2.30), or a functionally equivalent variant thereof.

In one embodiment of the second aspect, the novel diol
dehydratase enzyme and activase enzyme are as defined in
SEQ ID NO: 1 and 2 (enzyme of C. autoethanogenum) and
YP_ 003779353 and YP_ 003779354 (enzyme of C.
ljungdahlii), or a functionally equivalent variant thereof.

In one embodiment of the second aspect, the novel diol
dehydratase enzyme and its activase enzyme are encoded by
a nucleic acid sequence as defined in SEQ ID NO: 3 and 4
(genes from C. autoethanogenum) and CLIU_c11830;
9444800 and CLJU_c11831; 9444801 (genes of C.
ljungdahlii), or a functionally equivalent variant thereof.

In one embodiment of the third aspect, the three subunit
comprising diol dehydratase enzyme of Klebsiella as defined
in YP_ 002236780, YP_ 002236781, YP_ 002236782 (K.
preumonia) and 1DIO_A, 1DIO_B, 1DIO_C (K. oxytoca), or
a functionally equivalent variant thereof.

In one embodiment of the third aspect, the three diol dehy-
dratase enzyme subunits of Klebsiella are encoded by a
nucleic acids as defined in GI1:206575748, GI1:206575749,
GIL:206575750 (K. preumonia) and GI:868006, GI:868007,
GIL:868008 (K. oxytoca), or a functionally equivalent variant
thereof.
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In a particular embodiment of the second or third aspects,
the recombinant microorganism is modified such that expres-
sion of an endogenous enzyme is attenuated, or is knocked-
out relative to the expression of the same enzyme in the
parental microorganism.

In one embodiment, the enzyme whose expression is
attenuated or is knocked out is an alcohol dehydrogenase
enzyme. In particular embodiments, the secondary alcohol
dehydrogenase enzyme is defined in SEQ ID NO: 5 (C. auto-
ethanogenum) and ADK15544.1 (C. ljungdahlii), or is a func-
tionally equivalent variant thereof. In further embodiments,
the secondary alcohol dehydrogenase enzyme is encoded by
a nucleic acid as defined in SEQ ID NO: 6. (C. autoethano-
genum) and CLJU_c24860; G1:300435777 (C. ljungdahlii).

In a further embodiment, the recombinant organism pro-
duces propanal and/or propan-2-one in addition to, or instead
of propan-1-ol and/or propan-2-ol.

In one embodiment, the microorganism comprises one or
more exogenous nucleic acids adapted to increase expression
of one or more endogenous nucleic acids and which one or
more endogenous nucleic acids encode a diol dehydratase
referred to hereinbefore.

In one embodiment, the one or more exogenous nucleic
acids adapted to increase expression is a regulatory element.
In one embodiment, the regulatory element is a promoter. In
one embodiment, the promoter is a constitutive promoter. In
one embodiment, the promoter is selected from the group
comprising Wood-Ljungdahl gene cluster, a pyruvate:ferre-
doxin oxidoreductase promoter, an Rnf complex operon pro-
moter, ATP synthase operon promoter and Phosphotrans-
acetylase/Acetate kinase operon promoters.

In one embodiment, the recombinant microorganism is
further adapted to express one or more exogenous enzymes to
produce propane-1,2-diol including but not limited to meth-
ylglyoxal synthase (mgsA); methylglyoxal reductase (ydjG);
secondary alcohol dehydrogenase (gldA/budC); lactalde-
hyde reductase/primary alcohol dehydrogenase (fucO). In a
further aspect, the microorganism is adapted to over-express
one or more endogenous enzymes in the propane-1,2-diol
biosynthesis pathway.

In one embodiment, the one or more exogenous nucleic
acids is a nucleic acid construct or vector, in one particular
embodiment a plasmid, encoding a diol dehydratase enzyme
referred to hereinbefore.

In one embodiment, the exogenous nucleic acid is an
expression plasmid.

In one particular embodiment, the parental microorganism
is selected from the group of carboxydotrophic bacteria com-
prising  Clostridium  autoethanogenum,  Clostridium
ljungdahlii, Clostridium ragsdalei, Clostridium carboxidi-
vorans, Clostridium drakei, Clostridium scatologenes,
Clostridium  aceticum, Clostridium  formicoaceticum,
Clostridium magnum, Butyribacterium methylotrophicum,
Acetobacterium woodii, Alkalibaculum bacchii, Blautia pro-
ducta, Eubacterium [imosum, Moorella thermoacetica,
Moorella thermautotrophica, Sporomusa ovata, Sporomusa
silvacetica, Sporomusa sphaeroides, Oxobacter pfennigii,
and Thermoanaerobacter kiuvi.

In one embodiment the parental microorganism is
Clostridium autoethanogenum or Clostridium ljungdahlii. In
one particular embodiment, the microorganism is
Clostridium autoethanogenum DSM23693 a derivate of
strain DSM10061. In another particular embodiment, the
microorganism is Clostridium [jungdahlii DSM13528 (or
ATCC55383).

In one embodiment the parental microorganism is Escheri-
chia coli or Lactococcus lactis.
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Isolated Nucleic Acid (from C. Autoethanogenum and C.
Ljungdahlii)

In a fourth aspect, the invention provides a nucleic acid
encoding a diol dehydratase wherein the nucleic acid is iso-
lated from a carboxydotrophic microorganism.

In a further embodiment of the fourth aspect, the carboxy-
dotrophic microorganism is Clostridium autoethanogenum
or Clostridium ljungdahlii. In one particular embodiment, the
microorganism is Clostridium autoethanogenum DSM23693
a derivate of strain DSM10061. C. autoethanogenum.

In a further embodiment of the fourth aspect, when
expressed in a microorganism, the nucleic acid encoding a
diol dehydratase facilitates an increased yield and/or rate of
production of propanal, propan-2-one, propan-1-ol and/or
propan-2-ol by fermentation of a substrate comprising CO
and propane-1,2-diol.

In one embodiment of the fourth aspect, the nucleic acid
encoding a diol dehydratase is SEQ ID NO:1 and 2 or is a
functionally equivalent variant thereof.

In one embodiment, the nucleic acid comprises sequences
encoding one or more of the enzymes of the invention defined
herein before which when expressed in a microorganism
allows the microorganism to produce propanal, propan-2-
one, propan-1-ol and/or propan-2-ol by fermentation of a
substrate comprising CO and propane-1,2-diol. In one par-
ticular embodiment, the invention provides a nucleic acid
encoding two enzymes which when expressed in a microor-
ganism allows the microorganism to produce propanal, pro-
pan-2-one, propan-1-ol and/or propan-2-ol by fermentation
of a substrate comprising CO.

In one embodiment, the nucleic acids of the invention
further comprise a promoter. In one embodiment, the pro-
moter allows for constitutive expression of the genes under its
control. In a particular embodiment a Wood-L jungdahl clus-
ter promoter is used. In other particular embodiments a pyru-
vate:ferredoxin oxidoreductase promoter, an Rnf complex
operon promoter, ATP synthase operon promoter or a Phos-
photransacetylase/Acetate kinase operon promoter is used. In
one particular embodiment, the promoter is from C. autoet-
hanogenum.

In a fifth aspect, the invention provides a nucleic acid
construct or vector comprising one or more nucleic acids of
the fourth aspect.

In one particular embodiment, the nucleic acid construct or
vector is an expression construct or vector. In one particular
embodiment, the expression construct or vector is a plasmid.

In a sixth aspect, the invention provides a host organism
comprising any one or more of the nucleic acids of the fourth
aspect or vectors or constructs of the fifth aspect.

In a seventh aspect, the invention provides a composition
comprising an expression construct or vector as referred to in
the fourth aspect of the invention and a methylation construct
or vector.

Preferably, the composition is able to produce a recombi-
nant microorganism according to the second aspect of the
invention.

In one particular embodiment, the expression construct/
vector and/or the methylation construct/vector is a plasmid.

In an eighth aspect, the invention provides propan-1-ol,
propan-2-ol, propanal and/or propan-2-one when produced
by the method of the first aspect.

In another aspect, the invention provides a method for the
production of a microorganism of the second or third aspect
of'the invention comprising transforming a carboxydotrophic
acetogenic parental microorganism by introduction of one or
more nucleic acids such that the microorganism is capable of
producing propanal, propan-2-one, propan-1-ol and/or pro-
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pan-2-ol, or producing an increased amount of propanal, pro-
pan-2-one, propan-1-ol and/or propan-2-ol compared to the
parental microorganism, and optionally one or more other
products by fermentation of a substrate comprising CO and
propane-1-2-diol, wherein the parental microorganism is not
capable of producing propanal, propan-2-one, propan-1-ol
and/or propan-2-ol, or produces propanal, propan-2-one, pro-
pan-1-ol and/or propan-2-ol at a lower level than the recom-
binant microorganism, by fermentation of a substrate com-
prising CO.

In one particular embodiment, a parental microorganism is
transformed by introducing one or more exogenous nucleic
acids adapted to express one or more enzymes for biosynthe-
sis of propane-1,2-diol including but not limited to methylg-
lyoxal synthase (mgsA); methylglyoxal reductase (ydjG);
secondary alcohol dehydrogenase (gldA/budC); lactalde-
hyde reductase/primary alcohol dehydrogenase (fucO). In a
further embodiment, a parental microorganism is further
transformed by introducing one or more exogenous nucleic
acids adapted to express one or more enzyme in the propane-
1,2-diol biosynthesis pathway. In a further embodiment, a
parental microorganism is further transformed by expressing
or overexpressing one or more endogenous nucleic acids
adapted to express one or more enzyme in the propane-1,2-
diol biosynthesis pathway. In one embodiment, a parental
microorganism is transformed with one or more nucleic acids
adapted to over-express one or more endogenous enzymes in
the propane-1,2-diol pathway which are naturally present in
the parental microorganism.

In certain embodiments, the one or more enzymes are as
herein before described.

The invention may also be said broadly to consist in the
parts, elements and features referred to or indicated in the
specification of the application, individually or collectively,
in any or all combinations of two or more of said parts,
elements or features, and where specific integers are men-
tioned herein which have known equivalents in the art to
which the invention relates, such known equivalents are
deemed to be incorporated herein as if individually set forth.

BRIEF DESCRIPTION OF THE FIGURES

These and other aspects of the present invention, which
should be considered in all its aspects, will become apparent
from the following description, which is given by way of
example only, with reference to the accompanying figures.

FIG. 1: Reaction pathway showing the stereospecific pro-
duction of propanal, propan-2-one, propan-1-ol and/or pro-
pan-2-ol from propane-1,2-diol.

FIG. 2: HPLC chromatograms showing the production of
products propanal, propan-1-ol, propan-2-ol and ethanol
from A—propane-1,2-diol, B—(S)-propane-1,2-diol and
C—(R)-propane-1,2-diol. Propan-2-one is a co-product in A
and C but is obscured by the propan-2-ol peak. Further analy-
sis has eluted propan-2-one separately using a different Gas
chromatography method.

FIG. 3. Gas Chromatogram of headspace over cultures of
C. autoethanogenum highlights retention time of propan-2-
one and propan-2-ol. Culture with no propane-1,2diol added,
A; and culture with (R)-propan-2-ol added, B.

FIG. 4: HPLC chromatogram from cultures of C.
ljungdahlii. Culture with no propane-1,2-diol added, A,
shows no propan-1-ol or propan-2-ol; and culture with (R)-
propan-2-ol added, B, shows production of propan-1-ol and
propan-2-ol.

FIG. 5: HPLC chromatogram from cultures of C. ragsda-
lei. Culture with no propane-1,2-diol added, A; and culture
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with (R)-propan-2-ol added, B, shows no conversion of pro-
pane-1,2-diol to propan-1-ol or propan-2-ol

FIG. 6: HPLC chromatogram from cultures of C. carbox-
idivorans. Culture with no propane-1,2-diol added, A, shows
no propan-1-ol or propan-2-ol; and culture with (R)-propan-
2-0l added, B, shows no remaining propane-1,2-diol and pro-
duction of only propan-1-o0l and not propan-2-ol.

FIG. 7: Propanol production from propane-1,2-diol in C.
autoethanogenum harbouring pMTL83155-pddABC, bars
with solid outline; and in wildtype C. autoethanogenum, bars
with broken outline. Error bars represent standard deviation
of three replicates.

FIG. 8: Overview of alignment of diol dehydratase of C.
autoethanogenum with most related enzymes from BLAST
search. Grey bars represent identity to C. autoethanogenum
reference sequence, while black areas represent mismatches
and white areas represent gaps. A domain only present in C.
autoethanogenum and C. ljungdahlii is highlighted in a box.

FIG. 9: HPLC chromatogram from cultures of C. butyri-
cum. Culture at time of inoculation, A, shows glycerol and
propane-1,2-diol. Culture after 48 hours of growth, B, shows
some remaining propane-1,2-diol, and propan-1-ol produced.

FIG. 10: PCR confirmation of group Il intron insertion in
diol dehydratase gene using primers Og84f and Og85r. 8
clones after Clarithromycin selection were randomly
screened.

FIG. 11: HPLC chromatogram from cultures of C. autoet-
hanogenum ClosTron mutant with inactivated diol dehy-
dratase after 1 week of growth. Culture with no propane-1,2-
diol added, A; and culture with (R)-propan-2-ol added, B,
shows no conversion of propane-1,2-diol to propan-1-ol or
propan-2-ol.

FIG. 12. HPLC chromatograms of culture broth from F.
coliharbouring pTrc-dhaB1B2 (A) and pTrc99A (B) after 48
hours of growth in the presence of 4 g [.-1 propane-1,2-diol.

DETAILED DESCRIPTION OF THE INVENTION

All known biosynthesis routes of propan-2-one and pro-
pan-2-ol start from acetyl-CoA via the intermediates
acetoacetyl-CoA and acetoacetate. Here we present an alter-
native route from glyceraldehyde-3-phosphate or pyruvate
via lactaldehyde and propane-1,2-diol (Berrios-Rivera, San,
and Bennett 2003; Jain and Yan 2011) to propan-2-one and
propan-2-ol. We describe here an enzyme that can stereospe-
cifically convert propane-1,2-diol to propan-2-one and pro-
panal. These products can then further be converted to pro-
pan-2-ol and propan-1-ol. Conversion of propane-1,2-diol to
propanal has been described by another enzyme from Kleb-
siella pneumonia (Jain and Yan 2011), which however is
unable to convert it to both propanal and also propan-2-one.
Here we describe an enzyme and process for selective pro-
duction of propan-2-one/propan-2-ol and/or propanal/pro-
pan-1-ol, either in an acetogenic cell that may contain this
enzyme natively or in any native propane-1,2-diol producing
host organism or in an engineered cell modified for propane-
1,2-diol production as shown for E. coli or Saccharomyces
cerevisiae (Berrios-Rivera, San, and Bennett 2003; Jain and
Yan 2011). This reaction also allows for production of other
commodities from precursors propan-2-one, propan-2-ol,
propanal, propan-1-ol, for example isobutylene, that can be
produced from propan-2-one (van Leeuwen et al. 2012)
(W02011032934). Another advantage of the invention using
the novel diol dehydratases lies in the nature of the enzyme
mechanism. Diol dehydratases catalyze irreversible reac-
tions, thus allowing a kinetic control element for efficient
production as products cannot be re-utilized, an important
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consideration when designing synthetic pathways (Bar-Even
et al. 2012; Bond-Watts, Bellerose, and Chang 2011).

The following is a description of the present invention,
including preferred embodiments thereof, given in general
terms. The invention is further elucidated from the disclosure
given under the heading “Examples” herein below, which
provides experimental data supporting the invention, specific
examples of various aspects of the invention, and means of
performing the invention.

Definitions

As referred to herein, a “fermentation broth” is a culture
medium comprising at least a nutrient media and bacterial
cells.

As referred to herein, a “shuttle microorganism™ is a micro-
organism in which a methyltransferase enzyme is expressed
and is distinct from the destination microorganism.

As referred to herein, a “destination microorganism” is a
microorganism in which the genes included on an expression
construct/vector are expressed and is distinct from the shuttle
microorganism.

The terms “increasing the efficiency,” “increased effi-
ciency” and the like, when used in relation to a fermentation
process, include, but are not limited to, increasing one or more
of the rate of growth of microorganisms catalysing the fer-
mentation, the growth and/or product production rate at
elevated product concentrations, the volume of desired prod-
uct produced per volume of substrate consumed, the rate of
production or level of production of the desired product, and
the relative proportion of the desired product produced com-
pared with other by-products of the fermentation.

The phrase “substrate comprising carbon monoxide” and
like terms should be understood to include any substrate in
which carbon monoxide is available to one or more strains of
bacteria for growth and/or fermentation, for example.

The phrase “gaseous substrate comprising carbon monox-
ide” and like phrases and terms includes any gas which con-
tains a level of carbon monoxide. In certain embodiments the
substrate contains at least about 20% to about 100% CO by
volume, from 20% to 70% CO by volume, from 30% to 60%
CO by volume, and from 40% to 55% CO by volume. In
particular embodiments, the substrate comprises about 25%,
or about 30%, or about 35%, or about 40%, or about 45%, or
about 50% CO, or about 55% CO, or about 60% CO by
volume.

The phrase “isolated” and like terms refer to a member of
a population that has been removed from other members of
the population. Typically the population is a mixed popula-
tion and the isolated member is either a singleton or a member
of a homogeneous population. The term may be used to
describe a microorganism, a protein, a nucleic acid, and the
like.

The phrase “recombinant™ and like terms refers to anucleic
acid, protein or microorganism which contains portions of
different individuals, different species, or different genera
that have been joined together. Typically this is done using
techniques of recombinant DNA, such that a composite
nucleic acid is formed. The composite nucleic acid can be
used to make a composite protein, for example. It can be used
to make a fusion protein. It can be used to transform a microbe
which maintains and replicates the composite nucleic acid
and optionally expresses a protein, optionally a composite
protein.

The term “stereospecific” and like terms refer to enzymes
that differentially recognize enantiomers, and catalyze differ-
ent reactions with the enantiomers. Thus only one enantiomer
may be reacted, or each enantiomer may yield a distinct
product.
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While it is not necessary for the substrate to contain any
hydrogen, the presence of H, should not be detrimental to
product formation in accordance with methods of the inven-
tion. In particular embodiments, the presence of hydrogen
results in an improved overall efficiency of alcohol produc-
tion. For example, in particular embodiments, the substrate
may comprise an approx 2:1, or 1:1, or 1:2 ratio of H,: CO. In
one embodiment the substrate comprises about 30% or less
H, by volume, 20% or less H, by volume, about 15% or less
H, by volume or about 10% or less H, by volume. In other
embodiments, the substrate stream comprises low concentra-
tions of H,, for example, less than 5%, or less than 4%, or less
than 3%, or less than 2%, or less than 1%, or is substantially
hydrogen free. The substrate may also contain some CO, for
example, such as about 1% to about 80% CO, by volume, or
1% to about 30% CO, by volume. In one embodiment the
substrate comprises less than or equal to about 20% CO, by
volume. In particular embodiments the substrate comprises
less than or equal to about 15% CO, by volume, less than or
equal to about 10% CO, by volume, less than or equal to about
5% CO, by volume or substantially no CO,.

In the description which follows, embodiments of the
invention are described in terms of delivering and fermenting
a “gaseous substrate containing CO.” However, it should be
appreciated that the gaseous substrate may be provided in
alternative forms. For example, the gaseous substrate con-
taining CO may be provided dissolved in a liquid. Essentially,
a liquid is saturated with a carbon monoxide containing gas
and then that liquid is added to the bioreactor. This may be
achieved using standard methodology. By way of example, a
microbubble dispersion generator (Hensirisak et. al. Scale-up
of microbubble dispersion generator for aerobic fermenta-
tion; Applied Biochemistry and Biotechnology Volume 101,
Number 3/October, 2002) could be used. By way of further
example, the gaseous substrate containing CO may be
adsorbed onto a solid support. Such alternative methods are
encompassed by use of the term “substrate containing CO”
and the like.

In particular embodiments of the invention, the CO-con-
taining gaseous substrate is an industrial off or waste gas.
“Industrial waste or off gases” should be taken broadly to
include any gases comprising CO produced by an industrial
process and include gases produced as a result of ferrous
metal products manufacturing, non-ferrous products manu-
facturing, petroleum refining processes, gasification of coal,
gasification of biomass, electric power production, carbon
black production, and coke manufacturing. Further examples
may be provided elsewhere herein.

Unless the context requires otherwise, the phrases “fer-
menting,” “fermentation process” or “fermentation reaction”
and the like, as used herein, are intended to encompass both
the growth phase and product biosynthesis phase of the pro-
cess. As will be described further herein, in some embodi-
ments the bioreactor may comprise a first growth reactor and
a second fermentation reactor. As such, the addition of metals
or compositions to a fermentation reaction should be under-
stood to include addition to either or both of these reactors.

The term “bioreactor” includes a fermentation device con-
sisting of one or more vessels and/or towers or piping
arrangement, which includes the Continuous Stirred Tank
Reactor (CSTR), Immobilized Cell Reactor (ICR), Trickle
Bed Reactor (TBR), Bubble Column, Gas Lift Fermenter,
Static Mixer, or other vessel or other device suitable for
gas-liquid contact. In some embodiments the bioreactor may
comprise a first growth reactor and a second fermentation
reactor. As such, when referring to the addition of substrate to
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the bioreactor or fermentation reaction it should be under-
stood to include addition to either or both of these reactors
where appropriate.

“Exogenous nucleic acids” are nucleic acids which origi-
nate outside of the microorganism to which they are intro-
duced. Exogenous nucleic acids may be derived from any
appropriate source, including, but not limited to, the micro-
organism to which they are to be introduced (for example in a
parental microorganism from which the recombinant micro-
organism is derived), strains or species of microorganisms
which differ from the organism to which they are to be intro-
duced, or they may be artificially or recombinantly created. If
the nucleic acids are from a different species of microorgan-
ism and have a different sequence, they are heterologous. In
one embodiment, the exogenous nucleic acids represent
nucleic acid sequences naturally present within the microor-
ganism to which they are to be introduced, and they are
introduced to increase expression of or over-express a par-
ticular gene (for example, by increasing the copy number of
the sequence (for example a gene), or introducing a strong or
constitutive promoter to increase expression). In another
embodiment, the exogenous nucleic acids represent nucleic
acid sequences not naturally present within the microorgan-
ism to which they are to be introduced and allow for the
expression of a product not naturally present within the
microorganism or increased expression of a gene native to the
microorganism (for example in the case of introduction of a
regulatory element such as a promoter). The exogenous
nucleic acid may be adapted to integrate into the genome of
the microorganism to which it is to be introduced or to remain
in an extra-chromosomal state.

“Exogenous” may also be used to refer to proteins. This
refers to a protein that is not present in the parental microor-
ganism from which the recombinant microorganism is
derived.

The term “endogenous™ as used herein in relation to a
recombinant microorganism and a nucleic acid or protein
refers to any nucleic acid or protein that is present in a parental
microorganism from which the recombinant microorganism
is derived.

Unless otherwise specified, “propane-1,2-diol” as referred
to herein refers to a racemic mixture of the two enantiomers
(R)-propane-1,2-diol and (S)-propane-1,2-diol. Unless oth-
erwise specified, “propanol” as referred to herein refers to a
mixture of the two isomers propan-1-ol and propan-2-ol.
Where products of the reactions referred to herein comprise
propan-1-ol or propan-2-ol, it will be understood by one of
skill in the art that the corresponding intermediates propanal
and propan-2-one may be additionally or alternatively pro-
duced. Isolation of the intermediate aldehyde or ketone com-
pounds as a stand-alone product may be desirable in some
situations and, where appropriate, such aldehyde and ketone
products are intended to be included within the scope of the
invention.

It should be appreciated that the invention may be practised
using nucleic acids whose sequence varies from the
sequences specifically exemplified herein provided they per-
form substantially the same function. For nucleic acid
sequences that encode a protein or peptide this means that the
encoded protein or peptide has substantially the same func-
tion. For nucleic acid sequences that represent promoter
sequences, the variant sequence will have the ability to pro-
mote expression of one or more genes. Such nucleic acids
may be referred to herein as “functionally equivalent vari-
ants.” By way of example, functionally equivalent variants of
a nucleic acid include allelic variants, fragments of a gene,
genes which include mutations (deletion, insertion, nucle-
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otide substitutions and the like) and/or polymorphisms and
the like. Homologous genes from other microorganisms may
also be considered as examples of functionally equivalent
variants of the sequences specifically exemplified herein.
These include homologous genes in species such as
Clostridium autoethanogenum, C. ljungdahlii, C. novyi
details of which are publicly available on websites such as
Genbank or NCBI. The phrase “functionally equivalent vari-
ants” should also be taken to include nucleic acids whose
sequence varies as a result of codon optimisation for a par-
ticular organism. “Functionally equivalent variants” of a
nucleic acid herein will preferably have at least approxi-
mately 70%, preferably approximately 80%, more preferably
approximately 85%, preferably approximately 90%, prefer-
ably approximately 95% or greater nucleic acid sequence
identity with the nucleic acid identified.

It should also be appreciated that the invention may be
practised using polypeptides whose sequence varies from the
amino acid sequences specifically exemplified herein. These
variants may be referred to herein as “functionally equivalent
variants.” A functionally equivalent variant of a protein or a
peptide includes those proteins or peptides that share at least
40%, preferably 50%, preferably 60%, preferably 70%, pret-
erably 75%, preferably 80%, preferably 85%, preferably
90%, preferably 95% or greater amino acid identity with the
protein or peptide identified and has substantially the same
function as the peptide or protein of interest. Such variants
include within their scope fragments of a protein or peptide
wherein the fragment comprises a truncated form of the
polypeptide wherein deletions may be from 1 to 5, to 10, to
15, to 20, to 25 amino acids, and may extend from residue 1
through 25 at either terminus of the polypeptide, and wherein
deletions may be of any length within the region; or may be at
an internal location or a specific domain of the protein con-
ferring a specific catalytic function and activity, or binding of
substrate or co-factors. Functionally equivalent variants of
the specific polypeptides herein should also be taken to
include polypeptides expressed by homologous genes in
other species of bacteria, for example as exemplified in the
previous paragraph.

“Substantially the same function” as used herein is
intended to mean that the nucleic acid or polypeptide is able
to perform the function of the nucleic acid or polypeptide of
which it is a variant. For example, a variant of an enzyme of
the invention will be able to catalyse the same reaction as that
enzyme. However, it should not be taken to mean that the
variant has the same level of activity as the polypeptide or
nucleic acid of which it is a variant.

One may assess whether a functionally equivalent variant
has substantially the same function as the nucleic acid or
polypeptide of which it is a variant using methods known to
one of skill in the art. However, by way of example, assays to
test for diol dehydratase activity are described in example
sections and can be assessed using HPL.C methods or by
derivatising with 2,4-dinitrophenylhydrazine (Toraya et al.
1977).

“Over-express,” “over expression” and like terms and
phrases when used in relation to the invention should be taken
broadly to include any increase in expression of one or more
proteins (including expression of one or more nucleic acids
encoding same) as compared to the expression level of the
protein (including nucleic acids) of a parental microorganism
under the same conditions. It should not be taken to mean that
the protein (or nucleic acid) is expressed at any particular
level.

“Attenuated expression” as referred to herein refers to the
expression of a nucleic acid or protein that is decreased rela-



US 9,284,564 B2

13

tive to the expression in a parental microorganism. Attenuated
expression also includes “zero” expression which refers to the
nucleic acid or protein not being expressed at all. The “zero”
expression may be achieved by any method known to one of
skill in the art including RNA silencing, modification of the
expression process (for example, disruption of the promoter
function), or complete or partial removal (i.e., “knock out”) of
the nucleic acid encoding the enzyme from the genome.

A “parental microorganism” is a microorganism from
which a microorganism of the invention is derived. The
microorganism of the invention may be derived by any
method such as artificial or natural selection, mutation, or
genetic recombination. The parental microorganism may be
one that occurs in nature (i.e., a wild-type microorganism) or
one that has been previously modified but which does not
express or over-express one or more of the enzymes the
subject of the present invention. Accordingly, the recombi-
nant microorganisms of the invention may have been modi-
fied to express or over-express one or more enzymes that were
not expressed or over-expressed in the parental microorgan-
ism.

The terms nucleic acid “constructs” or “vectors” and like
terms should be taken broadly to include any nucleic acid
(including DNA and RNA) suitable for use as a vehicle to
transfer genetic material into a cell. The terms should be taken
to include plasmids, viruses (including bacteriophage),
cosmids and artificial chromosomes. Constructs or vectors
may include one or more regulatory elements, an origin of
replication, a multicloning site and/or a selectable marker. In
one particular embodiment, the constructs or vectors are
adapted to allow expression of one or more genes encoded by
the construct or vector. Nucleic acid constructs or vectors
include naked nucleic acids as well as nucleic acids formu-
lated with one or more agents to facilitate delivery to a cell
(for example, liposome-conjugated nucleic acid, an organism
in which the nucleic acid is contained).

Disclosure

The inventors have found that propanal, propan-2-one,
propan-1-ol and/or propan-2-ol can be produced by a car-
boxydotrophic microorganism when in the presence of a sub-
strate comprising CO and propane-1,2-diol. The production
of propan-2-one and/or propan- and/or propan-2-ol from a
racemic mixture of propane-1,2-diol has never been shown
before by a microorganism. Following further experimenta-
tion, the inventors have shown that fermentation of a substrate
comprising (R)-propane-1,2-diol preferentially produces
propan-2-one and/or propan-2-ol and a substrate comprising
(S)-propane-1,2-diol preferentially produces propanal and/or
propan-1-ol. The inventors believe that the reaction proceeds
as shown in FIG. 1 in the carboxydotrophic microorganism
catalyses the stereospecific dehydration of propane-1,2-diol
to form either propanal (from the (S) enantiomer) or propan-
2-one (from the (R) enantiomer). A diol dehydratase catalys-
ing this reaction has been identified and isolated. The inven-
tors believe that these compounds are then converted to the
corresponding alcohol propan-1-ol or propan-2-ol by the
action of an endogenous alcohol dehydrogenase(s). A sec-
ondary alcohol dehydrogenase has been identified and dem-
onstrated to convert propan-2-one into propan-2-ol. Identi-
fied enzymes can be used for formation of propanal, propan-
2-one, propan-1-ol and/or propan-2-ol in any recombinant
organism that produces propane-1,2-diol as product or inter-
mediate or has been engineered to do so (Jain and Yan 2011).
This reaction also allows for production of other commodities
as for example isobutylene that may be produced from pre-
cursors propan-2-one, propan-2-ol, propanal, propan-1-ol
(van Leeuwen et al. 2012).
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The invention provides a method for the production of
propanal, propan-2-one, propan-1-ol and/or propan-2-ol, and
optionally one or more other products, by microbial fermen-
tation comprising fermenting a substrate comprising CO and
propane-1,2-diol using a carboxydotrophic microorganism as
defined herein. The methods of the invention may be used to
reduce the total atmospheric carbon emissions from an indus-
trial process.

The present invention may have advantages over produc-
ing biofuels such as propanol from sugar based substrates and
provides an alternative means for the production of propanal,
propan-2-one, propan-1-ol and propan-2-ol utilising waste
gases including carbon monoxide from industrial processes.

The propane-1,2-diol may be added to the fermentation
substrate by any method known to one of skill in the art. By
way of example, the propane-1,2-diol may be added to the
substrate prior to, concurrently with, or subsequently to the
introduction of the microorganism to the substrate. Further,
the CO and/or other components of the fermentation broth
may be added to the substrate prior to, concurrently with, or
subsequently to the introduction of the propane-1,2-diol.

The propane-1,2-diol present in the substrate may be pro-
duced by the carboxydotrophic microorganism that produces
the propanal, propan-2-one, propan-1-ol and/or propan-2-ol
and production of the propane-1,2-diol may be in the same
bioreactor or a different bioreactor. In a further embodiment,
the propane-1,2-diol is produced by a different microorgan-
ism in the same bioreactor or in a different bioreactor.

In particular embodiments, the microorganism also pro-
duces one or more other products for example ethanol,
butanol and/or butanediol. It can be seen in FI1G. 2 that ethanol
co-production is observed in addition to the production of
propanal, propan-2-one, propan-1-ol and/or propan-2-ol.

Preferably, the fermentation comprises the steps of anaero-
bically fermenting a substrate in a bioreactor to produce at
least propanal, propan-2-one, propan-1-ol and/or propan-2-ol
using a recombinant microorganism of the invention as
defined herein.

Recombinant Microorganisms

The inventors have engineered recombinant organisms and
methods of use thereof for the production of propanal, pro-
pan-2-one, propan-1-ol and/or propan-2-ol. The recombinant
carboxydotrophic microorganisms express an exogenous diol
dehydratase enzyme and are able to achieve a higher yield of
propanal, propan-2-one, propan-1-ol and/or propan-2-ol
from propane-1,2-diol than would be produced by a parental
microorganism. Ratios of produced propanal, propan-2-one,
propan-1-ol and/or propan-2-ol from propane-1,2-diol may
also be modulated this way. The microorganism also pro-
duces propanal, propan-2-one, propan-1-ol and/or propan-2-
ol at a faster rate than would be produced by a parental
microorganism.

As can be seen from FIG. 1, the diol dehydratase enzyme
catalyses the reaction of (R) and/or (S) propane-1,2-diol to
the corresponding ketone/aldehyde, i.e., to propan-2-one or
to propanal, respectively. While reference may be made in
this specification to propanol being produced from propane-
1,2-diol, it will be understood by one of skill in the art that
such production is likely to be via the corresponding alde-
hyde/ketone intermediate. Through further research, the
inventors have demonstrated that these aldehydes are reduced
to the corresponding alcohol by one or more endogenous
alcohol dehydrogenase enzymes expressed by the microor-
ganism. It is envisaged that the one or more alcohol dehydro-
genase enzymes may be overexpressed to increase the rate of
reaction and/or the reaction yield of the propanol product.
Alternatively, the expression of the one or more alcohol dehy-
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drogenases may be attenuated so as to reduce the production
of'the alcohol and increase the production of the correspond-
ing aldehyde.

The enzymes and functional variants of use in the micro-
organisms of the invention may be derived from any appro-
priate source, including different genera and species of bac-
teria, or other organisms. However, in one embodiment, the
diol dehydratase is that derived from Klebsiella preumoniae
or K. oxytoca (EC 4.1.2.30), or a functionally equivalent
variant thereof. In one embodiment the diol dehydratase
enzyme (three subunits) is as defined in YP_ 002236780,
YP_ 002236781, YP__ 002236782, or a functionally equiva-
lent variant thereof. In a particular embodiment, the diol
dehydratase is encoded by the diol dehydratase genes
GI1:206575748, G1:206575749, G1:206575750 of (Klebsiella
pneumonia) and GI1:868006, G1:868007, G1:868008 (Kleb-
siella oxytoca).

The inventors have identified a diol dehydratase enzyme
(SEQ ID NO: 3) that has not previously been described in a
carboxydotrophic microorganism. In one embodiment, the
invention provides a carboxydotrophic microorganism
adapted to over-express one or more diol dehydratase
enzymes (for example SEQ ID NO: 3 or a functionally
equivalent variant thereof) which are present in a parental
microorganism. In one particular embodiment, the endog-
enous diol dehydratase enzyme is encoded by a nucleic acid
as defined in SEQ ID NO: 4, or a functionally equivalent
variant thereof.

In one embodiment, the recombinant organism comprises
an enzyme that exhibits attenuated expression or is knocked
out. In a particular embodiment, the enzyme is an alcohol
dehydrogenase enzyme and the recombinant organism pro-
duces propanal and/or propan-2-one in addition to, or instead
of propan-1-ol and/or propan-2-ol. In particular embodi-
ments, the alcohol dehydrogenase enzyme is defined in SEQ
ID NO: 5, or is a functionally equivalent variant thereof. In
further embodiments, the alcohol dehydrogenase enzyme is
encoded by a nucleic acid as defined in SEQ ID NO: 6.

In one embodiment, the microorganism comprises one or
more exogenous nucleic acids adapted to increase expression
of one or more endogenous nucleic acids and which one or
more endogenous nucleic acids encode a diol dehydratase
referred to hereinbefore.

In one embodiment, the microorganism is further adapted
to express one or more exogenous enzymes involved in the
biosynthesis of propane-1,2-diol including but not limited to
methylglyoxal synthase (mgsA); methylglyoxal reductase
(ydjG3); secondary alcohol dehydrogenase (gld A/budC); lac-
taldehyde reductase/primary alcohol dehydrogenase (fucO).
In a further aspect, the microorganism is adapted to over-
express one or more endogenous enzymes in the propane-1,
2-diol biosynthesis pathway.

While the inventors have demonstrated the efficacy of the
invention in Clostridium autoethanogenum, they contem-
plate that the invention is applicable to the wider group of
carboxydotrophic acteogenic microorganisms as discussed
further herein.

The microorganism may be adapted to express or over-
express the one or more enzymes by any number of recom-
binant methods including, for example, increasing expression
of'endogenous genes (for example, by introducing a stronger
or constitutive promoter to drive expression of a gene),
increasing the copy number of a gene encoding a particular
enzyme by introducing exogenous nucleic acids encoding
and adapted to express the enzyme, or introducing an exog-
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enous nucleic acid encoding and adapted to express an
enzyme not naturally present within the parental microorgan-
ism.

In one embodiment, the microorganism comprises one or
more exogenous nucleic acids adapted to increase expression
of one or more nucleic acids native to the parental microor-
ganism and which one or more nucleic acids encode one or
more of the enzymes referred to herein before. In one embodi-
ment, the one or more exogenous nucleic acid adapted to
increase expression is a regulatory element. In one embodi-
ment, the regulatory element is a promoter. In one embodi-
ment, the promoter is a constitutive promoter that is prefer-
ably highly active under appropriate fermentation conditions.
Inducible promoters could also be used. In preferred embodi-
ments, the promoter is selected from the group comprising
Wood-Ljungdahl gene cluster, a pyruvate:ferredoxin oxi-
doreductase promoter, an Rnf complex operon promoter, ATP
synthase operon promoter or Phosphotransacetylase/Acetate
kinase operon promoters. It will be appreciated by those of
skill in the art that other promoters which can direct expres-
sion, preferably a high level of expression under appropriate
fermentation conditions, would be effective as alternatives to
the exemplified embodiments.

The microorganism may comprise one or more exogenous
nucleic acids. Where it is desirable to transform the parental
microorganism with two or more genetic elements (such as
genes or regulatory elements (for example a promoter)) they
may be contained on one or more exogenous nucleic acids.

In one embodiment, the one or more exogenous nucleic
acids expressed or over-expressed by the microorganism is a
nucleic acid construct or vector, in one particular embodiment
a plasmid, encoding one or more of the enzymes referred to
hereinbefore in any combination.

The nucleic acids of the invention may remain extra-chro-
mosomal upon transformation of the parental microorganism
or may intergrate into the genome of the parental microor-
ganism. Accordingly, they may include additional nucleotide
sequences adapted to assist integration (for example, a region
which allows for homologous recombination and targeted
integration into the host genome) or expression and replica-
tion of an extrachromosomal construct (for example, origin of
replication, promoter and other regulatory elements or
sequences).

In one embodiment, the exogenous nucleic acids encoding
one or more enzymes as mentioned herein before will further
comprise a promoter adapted to promote expression of the
one or more enzymes encoded by the exogenous nucleic
acids. In one embodiment, the promoter is a constitutive
promoter that is preferably highly active under appropriate
fermentation conditions. Inducible promoters could also be
used. In preferred embodiments, the promoter is selected
from the group comprising Wood-[ jungdahl gene cluster, a
pyruvate:ferredoxin oxidoreductase promoter, an Rnf com-
plex operon promoter, ATP synthase operon promoter and
Phosphotransacetylase/Acetate kinase promoters. It will be
appreciated by those of skill in the art that other promoters
which can direct expression, preferably a high level of expres-
sion under appropriate fermentation conditions, would be
effective as alternatives to the exemplified embodiments.

In one embodiment, the exogenous nucleic acid is an
expression plasmid.

In one particular embodiment, the parental microorganism
is selected from the group of carboxydotrophic acetogenic
bacteria comprising  Clostridium  autoethanogenum,
Clostridium ljungdahlii, Clostridium ragsdalei, Clostridium
carboxidivorans, Clostridium drakei, Clostridium scatolo-
genes, Clostridium aceticum, Clostridium formicoaceticum,
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Clostridium magnum, Butyribacterium methylotrophicum,
Acetobacterium woodii, Alkalibaculum bacchii, Blautia pro-
ducta, Eubacterium limosum, Moorella thermoacetica,
Moorella thermautotrophica, Sporomusa ovata, Sporomusa
silvacetica, Sporomusa sphaeroides, Oxobacter pfennigii,
and Thermoanaerobacter kiuvi.

In one particular embodiment, the parental microorganism
is selected from the cluster of ethanologenic, acetogenic
Clostridia comprising the species C. autoethanogenum, C.
ljungdahlii, and C. ragsdalei and related isolates. These
include but are not limited to strains C. autoethanogenum
JAI-17 (DSM10061) (Abrini, Naveau, and Nyns 1994), C.
autoethanogenum [LBS1560 (DSM19630) (WO/2009/
064200), C. autoethanogenum 1LBS1561 (DSM23693), C.
ljungdahlii PETCT (DSM13528=ATCC 55383) (Tanner,
Miller, and Yang 1993), C. ljungdahlii ERI-2 (ATCC 55380)
(U.S.Pat. No. 5,593,886), C. ljungdahlii C-01 (ATCC 55988)
(U.S.Pat.No. 6,368,819), C. [jungdahlii O-52 (ATCC 55989)
(U.S. Pat. No. 6,368,819), C. ragsdalei P117 (ATCC BAA-
622) (WO 2008/028055), related isolates such as “C. cosk-
atii” (US20110229947) and “Clostridium sp.” (Tyurin and
Kiriukhin 2012), or mutated strains such as C. [jungdahlii
OTA-1 (Tirado-Acevedo O. Production of Bioethanol from
Synthesis Gas Using Clostridium [jungdahlii. PhD thesis,
North Carolina State University, 2010). These strains form a
subcluster within the Clostridial rRNA cluster I, and their 16S
rRNA gene is more than 99% identical with a similar low GC
content of around 30%. However, DNA-DNA reassociation
and DNA fingerprinting experiments showed that these
strains belong to distinct species (WO 2008/028055).

All species of this cluster have a similar morphology and
size (logarithmic growing cells are between 0.5-0.7x3-5 um),
are mesophilic (optimal growth temperature between 30-37°
C.) and strictly anaerobe (Abrini, Naveau, and Nyns 1994;
Tanner, Miller, and Yang 1993)(WO 2008/028055). More-
over, they all share the same major phylogenetic traits, such as
same pH range (pH 4-7.5, with an optimal initial pH of 5.5-6),
strong autotrophic growth on CO containing gases with simi-
lar growth rates, and a similar metabolic profile with ethanol
and acetic acid as main fermentation end product, and small
amounts of 2,3-butanediol and lactic acid formed under cer-
tain conditions (Abrini, Naveau, and Nyns 1994; Kopke et al.
2011; Tanner, Miller, and Yang 1993)(WO 2008/028055).
Indole production was observed with all three species as well.
However, the species differentiate in substrate utilization of
various sugars (e.g. rhamnose, arabinose), acids (e.g. glucon-
ate, citrate), amino acids (e.g. arginine, histidine), or other
substrates (e.g. betaine, butanol). Moreover some of the spe-
cies were found to be auxotroph to certain vitamins (e.g.
thiamine, biotin) while others were not. The organization and
number of Wood-[jungdahl pathway genes, responsible for
gas uptake, has been found to be the same in all species,
despite differences in nucleic and amino acid sequences (Ko-
pke etal. 2011).

In one embodiment, the parental strain uses CO as its sole
carbon and energy source.

In one embodiment the parental microorganism is
Clostridium autoethanogenum or Clostridium ljungdahlii. In
one particular embodiment, the microorganism is
Clostridium autoethanogenum DSM23693 a derivate of
strain DSM10061. C. autoethanogenum. In another particu-
lar embodiment, the microorganism is Clostridium
ljungdahlii DSM13528 (or ATCC55383).

Nucleic Acids
Isolated Nucleic Acid (Identified from C. Autoethanogenum
and C. Ljungdahlii)

The inventors have identified a nucleic acid encoding a diol
dehydratase in two carboxydotrophic acetogens C. autoetha-
nogenum and C. ljungdahlii. The nucleic acid encodes a diol
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dehydratase which catalyses the conversion of propane-1,2-
diol to propanal, propan-2-one, propan-1-ol and/or propan-
2-ol.

In one embodiment the nucleic acid encoding a diol dehy-
dratase is defined in SEQ ID NO: 1-2 (C. autoethanogenum)
and CLJU_c11830; 9444800 and CLJU_c11831; 9444801
(C. ljungdahlii) or is a functionally equivalent variant thereof.

In one embodiment, the nucleic acids of the invention
further comprise a promoter. In one embodiment, the pro-
moter allows for constitutive expression of the genes under its
control. Persons of skill in the art will readily appreciate
promoters of use in the invention. Preferably, the promoter
can direct a high level of expression under appropriate fer-
mentation conditions. In a particular embodiment a Wood-
Ljungdahl cluster promoter is used. In other particular
embodiments a pyruvate:ferredoxin oxidoreductase pro-
moter, an Rnf complex operon promoter, ATP synthase
operon promoter or a Phosphotransacetylase/Acetate kinase
operon promoter is used. In one particular embodiment, the
promoter is from C. autoethanogenum.

The invention also provides one or more nucleic acids or
nucleic acid constructs comprising one or more nucleic acids
of'the invention of use in generating a recombinant microor-
ganism of the invention.

In one embodiment, the nucleic acid comprises sequences
encoding one or more of the enzymes of the invention defined
herein before which when expressed in a microorganism
allows the microorganism to produce propanal, propan-2-
one, propan-1-ol and/or propan-2-ol by fermentation of a
substrate comprising CO. In one particular embodiment, the
invention provides a nucleic acid encoding two enzymes
which when expressed in a microorganism allows the micro-
organism to produce propanal, propan-2-one, propan-1-ol
and/or propan-2-ol by fermentation of a substrate comprising
CO. In a particular embodiment, the two enzymes are diol
dehydratase and an alcohol dehydrogenase as defined herein.

Exemplary amino acid sequences and nucleic acid
sequences encoding enzymes described herein are provided
herein or can be obtained from GenBank as mentioned here-
inbefore. However, skilled persons will readily appreciate
alternative nucleic acids sequences encoding the enzymes or
functionally equivalent variants thereof, having regard to the
information contained herein, in GenBank and other data-
bases, and the genetic code.

The invention also provides propanal, propan-2-one, pro-
pan-1-ol and/or propan-2-ol when produced by the method of
the first aspect.

In one embodiment, the nucleic acid is a nucleic acid
construct or vector. In one particular embodiment, the nucleic
acid construct or vector is an expression construct or vector,
however other constructs and vectors, such as those used for
cloning are encompassed by the invention. In one particular
embodiment, the expression construct or vector is a plasmid.

Itwill be appreciated that an expression construct/vector of
the present invention may contain any number of regulatory
elements in addition to the promoter as well as additional
genes suitable for expression of further proteins if desired. In
one embodiment the expression construct/vector includes
one promoter. In another embodiment, the expression con-
struct/vector includes two or more promoters. In one particu-
lar embodiment, the expression construct/vector includes one
promoter for each gene to be expressed. In one embodiment,
the expression construct/vector includes one or more riboso-
mal binding sites, preferably a ribosomal binding site for each
gene to be expressed.

It will be appreciated by those of skill in the art that the
nucleic acid sequences and construct/vector sequences
described herein may contain standard linker nucleotides
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such as those required for ribosome binding sites and/or
restriction sites. Such linker sequences should not be inter-
preted as being required and do not provide a limitation on the
sequences defined.

Nucleic acids and nucleic acid constructs, including
expression constructs/vectors of the invention may be con-
structed using any number of techniques standard in the art.
For example, chemical synthesis or recombinant techniques
may be used. Such techniques are described, for example, in
Sambrook et al (Molecular Cloning: A laboratory manual,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y., 1989). Further exemplary techniques are described in
the Examples section herein after. Essentially, the individual
genes and regulatory elements will be operably linked to one
another such that the genes can be expressed to form the
desired proteins. Suitable vectors for use in the invention will
be appreciated by those of ordinary skill in the art. However,
by way of example, the following vectors may be suitable:
pMTL80000 vectors, pIMP1, pJIR750, and the plasmids
exemplified in the Examples section herein after.

It should be appreciated that nucleic acids of the invention
may be in any appropriate form, including RNA, DNA, or
cDNA.

The invention also provides host organisms, particularly
microorganisms, and including viruses, bacteria, and yeast,
comprising any one or more of the nucleic acids described
herein.

Method of Producing Microorganisms

The one or more exogenous nucleic acids may be delivered
to a parental microorganism as naked nucleic acids or may be
formulated with one or more agents to facilitate the transfor-
mation process (for example, liposome-conjugated nucleic
acid, an organism in which the nucleic acid is contained). The
one or more nucleic acids may be DNA, RNA, or combina-
tions thereof, as is appropriate. Restriction inhibitors may be
used in certain embodiments; see, for example Murray, N. E.
et al. (2000) Microbial. Molec. Biol. Rev. 64, 412.)

The microorganisms of the invention may be prepared
from a parental microorganism and one or more exogenous
nucleic acids using any number of techniques known in the art
for producing recombinant microorganisms. By way of
example only, transformation (including transduction or
transfection) may be achieved by electroporation, ultrasoni-
cation, polyethylene glycol-mediated transformation, chemi-
cal or natural competence, protoplast transformation, proph-
age induction or conjugation. Suitable transformation
techniques are described for example in, Sambrook J, Fritsch
E F, Maniatis T: Molecular Cloning: A laboratory Manual,
Cold Spring Harbour Laboratory Press, Cold Spring Harbour,
1989.

Electroporation has been described for several carboxy-
dotrophic acetogens as C. [jungdahlii (Kopke et al. 2010)
(PCT/NZ2011/000203; W0O2012/053905), C. autoethanoge-
num (PCT/NZ2011/000203; W02012/053905), C. aceticum
(Schiel-Bengelsdorf and Peter Diirre 2012) or Acetobacte-
rium woodii (Stréatz et al. 1994) and is a standard method used
in many Clostridia such as C. acetobutylicum (Mermelstein
et al., 1992, Biotechnology, 10, 190-195), C. cellulolyticum
(Jennert et al., 2000, Microbiology, 146: 3071-3080) or C.
thermocellum (Tyurin et al., 2004, Appl. Environ. Microbiol.
70: 883-890). Prophage induction has been demonstrated for
carboxydotrophic acetogen as well in case of C. scatologenes
(Prasanna Tamarapu Parthasarathy, 2010, Development of a
Genetic Modification System in Clostridium scatologenes
ATCC 25775 for Generation of Mutants, Masters Project
Western Kentucky University), while conjugation has been
described as method of choice for many Clostridia including
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Clostridium difficile (Herbert et al., 2003, FEMS Microbiol.
Lett. 229: 103-110) or C. acetobuylicum (Williams et al.,
1990, J. Gen. Microbiol. 136: 819-826) and could be used in
a similar fashion for carboxydotrophic acetogens.

In certain embodiments, due to the restriction systems
which are active in the microorganism to be transformed, it is
necessary to methylate the nucleic acid to be introduced into
the microorganism. This can be done using a variety of tech-
niques, including those described below, and further exem-
plified in the Examples section herein after.

By way of example, in one embodiment, a recombinant
microorganism of the invention is produced by a method
comprises the following steps:

introduction into a shuttle microorganism of (i) of an
expression construct/vector as described herein and (ii) a
methylation construct/vector comprising a methyltransferase
gene; expression of the methyltransferase gene; and

isolation of one or more constructs/vectors from the shuttle
microorganism; and, introduction of the one or more con-
struct/vector into a destination microorganism.

In one embodiment, the methyltransferase gene of step B is
expressed constitutively. In another embodiment, expression
of the methyltransferase gene of step B is induced.

The shuttle microorganism is a microorganism, preferably
a restriction negative microorganism, that facilitates the
methylation of the nucleic acid sequences that make up the
expression construct/vector. In a particular embodiment, the
shuttle microorganism is a restriction negative E. coli, Bacil-
lus subtillis, or Lactococcus lactis.

The methylation construct/vector comprises a nucleic acid
sequence encoding a methyltransferase.

Once the expression construct/vector and the methylation
construct/vector are introduced into the shuttle microorgan-
ism, the methyltransferase gene present on the methylation
construct/vector is induced. Induction may be by any suitable
promoter system although in one particular embodiment of
the invention, the methylation construct/vector comprises an
inducible lac promoter and is induced by addition of lactose
or an analogue thereof, more preferably isopropyl-f-D-thio-
galactoside (IPTG). Other suitable promoters include the ara,
tet, or T7 system. In a further embodiment of the invention,
the methylation construct/vector promoter is a constitutive
promoter.

In a particular embodiment, the methylation construct/vec-
tor has an origin of replication specific to the identity of the
shuttle microorganism so that any genes present on the
methylation construct/vector are expressed in the shuttle
microorganism. Preferably, the expression construct/vector
has an origin of replication specific to the identity of the
destination microorganism so that any genes present on the
expression construct/vector are expressed in the destination
microorganism.

Expression of the methyltransferase enzyme results in
methylation of the genes present on the expression construct/
vector. The expression construct/vector may then be isolated
from the shuttle microorganism according to any one of a
number of known methods. By way of example only, the
methodology described in the Examples section described
hereinafter may be used to isolate the expression construct/
vector.

In one particular embodiment, both construct/vector are
concurrently isolated.

The expression construct/vector may be introduced into
the destination microorganism using any number of known
methods. However, by way of example, the methodology
described in the Examples section hereinafter may be used.
Since the expression construct/vector is methylated, the



US 9,284,564 B2

21

nucleic acid sequences present on the expression construct/
vector are able to be incorporated into the destination micro-
organism and successfully expressed.

It is envisaged that a methyltransferase gene may be intro-
duced into a shuttle microorganism and over-expressed.
Thus, in one embodiment, the resulting methyltransferase
enzyme may be collected using known methods and used in
vitro to methylate an expression plasmid. The expression
construct/vector may then be introduced into the destination
microorganism for expression. In another embodiment, the
methyltransferase gene is introduced into the genome of the
shuttle microorganism followed by introduction of the
expression construct/vector into the shuttle microorganism,
isolation of one or more constructs/vectors from the shuttle
microorganism and then introduction of the expression con-
struct/vector into the destination microorganism.

It is envisaged that the expression construct/vector and the
methylation construct/vector as defined above may be com-
bined to provide a composition of matter. Such a composition
has particular utility in circumventing restriction barrier
mechanisms to produce the recombinant microorganisms of
the invention.

In one particular embodiment, the expression construct/
vector and/or the methylation construct/vector are plasmids.

Persons of ordinary skill in the art will appreciate a number
of suitable methyltransferases of use in producing the micro-
organisms of the invention. However, by way of example the
Bacillus subtilis phage ®T1 methyltransferase and the meth-
yltransterase described in the Examples herein after may be
used. In one embodiment, the methyltransferase has the
amino acid sequence of SEQ ID NO: 7, or is a functionally
equivalent variant thereof. Nucleic acids encoding suitable
methyltransferases will be readily appreciated having regard
to the sequence of the desired methyltransferase and the
genetic code. In one embodiment, the nucleic acid encoding a
methyltransferase is as described in the Examples herein after
(for example the nucleic acid of SEQ ID NO: 8, oritis a
functionally equivalent variant thereof).

Any number of constructs/vectors adapted to allow expres-
sion of a methyltransferase gene may be used to generate the
methylation construct/vector. However, by way of example,
the plasmid described in the Examples section hereinafter
may be used.

Methods of Production

In an embodiment of the invention, the gaseous substrate
fermented by the microorganism is a gaseous substrate con-
taining CO. The gaseous substrate may be a CO-containing
waste gas obtained as aby-product of an industrial process, or
from some other source such as from automobile exhaust
fumes. In certain embodiments, the industrial process is
selected from the group consisting of ferrous metal products
manufacturing, such as a steel mill, non-ferrous products
manufacturing, petroleum refining processes, gasification of
coal, electric power production, carbon black production,
ammonia production, methanol production and coke manu-
facturing. In these embodiments, the CO-containing gas may
be captured from the industrial process before it is emitted
into the atmosphere, using any convenient method. The CO
may be a component of syngas (gas comprising carbon mon-
oxide and hydrogen). The CO produced from industrial pro-
cesses is normally flared off to produce CO, and therefore the
invention has particular utility in reducing CO, greenhouse
gas emissions and producing a biofuel. Depending on the
composition of the gaseous CO-containing substrate, it may
also be desirable to treat it to remove any undesired impuri-
ties, such as dust particles before introducing it to the fermen-
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tation. For example, the gaseous substrate may be filtered or
scrubbed using known methods.

It will be appreciated that for growth of the bacteria and the
production of products to occur, in addition to the CO-con-
taining substrate gas, a suitable liquid nutrient medium will
need to be fed to the bioreactor.

In particular embodiments of the method aspects, the fer-
mentation occurs in an aqueous culture medium. In particular
embodiments of the method aspects, the fermentation of the
substrate takes place in a bioreactor.

The substrate and media may be fed to the bioreactor in a
continuous, batch or batch fed fashion. A nutrient medium
will contain vitamins and minerals sufficient to permit growth
of the micro-organism used. Anaerobic media suitable for
fermentation using CO are known in the art. For example,
suitable media are described Biebel (2001). In one embodi-
ment of the invention the media is as described in the
Examples section herein after.

The fermentation should desirably be carried out under
appropriate fermentation conditions for the production of the
biofuel to occur. Reaction conditions that should be consid-
ered include pressure, temperature, gas flow rate, liquid flow
rate, media pH, media redox potential, agitation rate (if using
a continuous stirred tank reactor), inoculum level, maximum
gas substrate concentrations to ensure that CO in the liquid
phase does not become limiting, and maximum product con-
centrations to avoid product inhibition.

In addition, it is often desirable to increase the CO concen-
tration of a substrate stream (or CO partial pressure in a
gaseous substrate) and thus increase the efficiency of fermen-
tation reactions where CO is a substrate. Operating at
increased pressures allows a significant increase in the rate of
CO transfer from the gas phase to the liquid phase where it
can be taken up by the micro-organism as a carbon source for
the production of fermentation. This in turn means that the
retention time (defined as the liquid volume in the bioreactor
divided by the input gas flow rate) can be reduced when
bioreactors are maintained at elevated pressure rather than
atmospheric pressure. The optimum reaction conditions will
depend partly on the particular micro-organism of the inven-
tion used. However, in general, it is preferred that the fermen-
tation be performed at pressure higher than ambient pressure.
Also, since a given CO conversion rate is in part a function of
the substrate retention time, and achieving a desired retention
time in turn dictates the required volume of a bioreactor, the
use of pressurized systems can greatly reduce the volume of
the bioreactor required, and consequently the capital cost of
the fermentation equipment. According to examples given in
U.S. Pat. No. 5,593,886, reactor volume can be reduced in
linear proportion to increases in reactor operating pressure,
i.e. bioreactors operated at 10 atmospheres of pressure need
only be one tenth the volume of those operated at 1 atmo-
sphere of pressure.

By way of example, the benefits of conducting a gas-to-
ethanol fermentation at elevated pressures have been
described. For example, WO 02/08438 describes gas-to-etha-
nol fermentations performed under pressures of 30 psig and
75 psig, giving ethanol productivities of 150 g/l/day and 369
g/l/day respectively. However, example fermentations per-
formed using similar media and input gas compositions at
atmospheric pressure were found to produce between 10 and
20 times less ethanol per liter per day.

It is also desirable that the rate of introduction of the CO-
containing gaseous substrate is such as to ensure that the
concentration of CO in the liquid phase does not become



US 9,284,564 B2

23

limiting. This is because a consequence of CO-limited con-
ditions may be that one or more product is consumed by the
culture.

The composition of gas streams used to feed a fermentation
reaction can have a significant impact on the efficiency and/or
costs of that reaction. For example, O2 may reduce the effi-
ciency of an anaerobic fermentation process. Processing of
unwanted or unnecessary gases in stages of a fermentation
process before or after fermentation can increase the burden
on such stages (e.g. where the gas stream is compressed
before entering a bioreactor, unnecessary energy may be used
to compress gases that are not needed in the fermentation).
Accordingly, it may be desirable to treat substrate streams,
particularly substrate streams derived from industrial
sources, to remove unwanted components and increase the
concentration of desirable components.

In certain embodiments a culture of a bacterium of the
invention is maintained in an aqueous culture medium. Pref-
erably the aqueous culture medium is a minimal anaerobic
microbial growth medium. Suitable media are known in the
art and described for example in U.S. Pat. Nos. 5,173,429 and
5,593,886 and WO 02/08438, and as described in the
Examples section herein after.

Propanal, propan-2-one, propan-1-ol and/or propan-2-ol,
or a mixed stream containing Propanal, propan-2-one, pro-
pan-1-ol and/or propan-2-ol and/or one or more other prod-
ucts, may be recovered from the fermentation broth by meth-
ods known in the art, such as fractional distillation or
evaporation, pervaporation, gas stripping and extractive fer-
mentation, including for example, liquid-liquid extraction.
Products may also diffuse or secrete into media, from which
they can extracted by phase separation.

In certain preferred embodiments of the invention, propa-
nal, propan-2-one, propan-1-ol and/or propan-2-ol and one or
more products are recovered from the fermentation broth by
continuously removing a portion of the broth from the biore-
actor, separating microbial cells from the broth (conveniently
by filtration), and recovering one or more products from the
broth. Alcohols may conveniently be recovered for example
by distillation. Propan-2-one may be recovered for example
by distillation. Any acids produced may be recovered for
example by adsorption on activated charcoal. The separated
microbial cells are preferably returned to the fermentation
bioreactor. The cell free permeate remaining after any
alcohol(s) and acid(s) have been removed is also preferably
returned to the fermentation bioreactor. Additional nutrients
(such as B vitamins) may be added to the cell free permeate to
replenish the nutrient medium before it is returned to the
bioreactor.

Also, ifthe pH of the broth was adjusted as described above
to enhance adsorption of acetic acid to the activated charcoal,
the pH should be re-adjusted to a similar pH to that of the
broth in the fermentation bioreactor, before being returned to
the bioreactor.

EXAMPLES

The invention will now be described in more detail with
reference to the following non-limiting examples.
Microorganisms and Growth Conditions

Clostridium autoethanogenum DSM23693, C. carboxidi-
vorans DSM15243, and C. ljungdahlii DSM13528, and C.
butyricum DSM 10702 were sourced from DSMZ (The Ger-
man Collection of Microorganisms and Cell Cultures, Inhof-
fenstrafe 7 B, 38124 Braunschweig, Germany). C. autoetha-
nogenum DSM23693 is a derivate of C. autoethanogenum
DSM10061.
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E. coli were cultivated under both aerobic and anaerobic
conditions, while all other strains were grown strictly anaero-
bically in a volume of 50 ml liquid media in serum bottles
with fructose (heterotrophic growth) or 30 psi CO-containing
steel mill gas (collected from New Zealand Steel site in Glen-
brook, NZ; composition: 44% CO, 32% N,, 22% CO,, 2%
H,) in the headspace (autotrophic growth).

Media was prepared using standard anaerobic techniques
(Hungate R E: A roll tube method for cultivation of strict
anaerobes, in Norris J R and Ribbons D W (eds.), Methods in
Microbiology, vol. 3B. Academic Press, New York, 1969:
117-132; Wolfe R S: Microbial formation of methane. Adv
Microb Physiol 1971, 6: 107-146) according to formulations
are given in Tab. 2-4. For solid media, 1.2% Bacto agar (BD,
Frankton Lakes, N.J. 07417, USA) was added.

All strains were grown at 37° C.

PETC Medium (C. Autoethanogenum, C. Ljungdahlii, and C.
Ragsdalei pHS.6, C. Butyricum pH6.8)

Media component Concentration per 1.0 L of media

NH,CL lg
KC1 01lg
MgSO,*7H,0 02 g
NaCl 08 g
KH,PO, 01lg
CaCl, 002 g
Trace metal solution (see below) 10 ml
Wolfe’s vitamin solution (see below) 10 ml
Yeast Extract (optional) lg
Resazurin (2 g/L stock) 0.5 ml
NaHCO; 2 g
Reducing agent 0.006-0.008% (v/v)
Fructose (for heterotrophic growth) 5g
Trace metal solution per L of stock
Nitrilotriacetic Acid 2 g
MnSO,*H,O lg
Fe (SO,)»(NH,),*6H,0 08 g
CoCl,*6H,0 02 g
ZnS0,*7H,0 0.2 mg
CuCl,*2H,0 002 g
NaMoO,4*2H,0 002 g
Na,SeO; 002 g
NiCl,*6H,0 002 g
Na,WO,*2H,0 002 g

Reducing agent stock per 100 mL of stock

NaOH 09¢g
Cystein*HCI 4g
Na,S 4g

Reinforced Clostridial Medium RCM (C. Carboxidivorans)

Media component Concentration per 1.0 L of media

Pancreatic Digest of Casein 5g
Proteose Peptone No. 3 5g
Beef Extract 10g
Yeast Extract 3g
Dextrose 5g
NaCl 5g
Soluble starch lg
Cystein*HCI 05g
Sodium Acetate 3g
Fructose 5g
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Luria Bertani Medium LB (E. coli)

Media component Concentration per 1.0 L of media

Tryptone 10g
Yeast Extract 5¢g
NaCl 10g

When specified, propane-1,2-diol was added to a final con-
centration of 5 g [.-1 at the time of inoculation and final
metabolite analysis was conducted after cultures had grown
for 40 hours.

Analysis of Metabolites

To remove proteins and other cell residues, 400 ul samples
were mixed with 100 pl of a 2% (w/v) 5-Sulfosalicylic acid
and centrifuged at 14,000xg for 3 min to separate precipitated
residues. 10 ul of the supernatant were then injected into the
HPLC for analyses. HPL.C analysis of 2,3-butanediol, 2-bu-
tanol and other metabolites was performed using an Agilent
1100 Series HPLC system equipped with a RID operated at
35° C. (Refractive Index Detector) and an Aminex HPX-87H
column (300x7.8 mm, particle size 9 um) kept at 35° C.
Slightly acidified water was used (0.005 M H,SO,) as mobile
phase with a flow rate of 0.6 ml/min. For distinction of 2,3-
butanediol sterioisomers HPLC analysis was performed
using an Agilent 1100 Series HPLC system equipped with a
RID operated at 35° C. (Refractive Index Detector) and an
Alltech IOA-2000 Organic acid column (150x6.5 mm, par-
ticle size 8 um) kept at 60° C. Slightly acidified water was
used (0.005 M H,SO,) as mobile phase with a flow rate of
0.25 ml/min.

GC analysis of propan-2-one, propan-2-ol and other
metabolites was performed using an Agilent 6890N head-
space GC equipped with a Supelco PDMS 100 1 c¢m fiber, an
Alltech EC-1000 (30 mx0.25 mmx0.25 pm) column, and a
flame ionization detector (FID). 5 ml samples were trans-
ferred into a Hungate tube, heated to 40° C. in a water bath and
exposed to the fiber for exactly 5 min. The injector was kept
at 250° C. and helium with a constant flow of 1 ml/min was
used as carrier gas. The oven program was 40° C. for 5 min,
followed by an increase of 10° C./min up to 200° C. The
temperature was then further increased to 220° C. with a rate
of 50° C./min followed by a 5 min hold this temperature,
before the temperature was decreased to 40° C. with a rate of
50° C./min and a final 1 min hold. The FID was kept at 250°
C. with 40 ml/min hydrogen, 450 ml/min air and 15 ml/min
nitrogen as make up gas.

Identification of Reaction of Propane-1,2-diol to Propan-2-
one, Propan-2-ol, Propanal, Propan-1-o0l

Propane-1,2-diol (racemic) was added to cultures of C.
autoethanogenum at the time of inoculation. After two days
of growth the propane-1,2-diol was surprisingly found to be
converted to propane-1-ol and propan-2-ol as seen in FIG. 2.
When (S)-propane-1,2-diol is added to the culture it is con-
verted to propan-1-o0l, and the intermediate, propanal, can be
seen (FIG. 2). When (R)-propane-1,2-diol is added to the
culture it is converted to propan-2-ol (FIG. 2). The HPL.C
method used cannot resolve propan-2-ol and propan-2-one,
but by GC the presence of the intermediate propan-2-one can
be seen (FIG. 3).

Conversion of propane-1,2-diol to propanal has been
described for several diol dehydratase enzymes. There are
two types of previously described diol dehydratase enzymes,
a Bl2-dependent (propane)diol dehydratase type (EC
4.2.1.28) as for example of Klebsiella pneumonia or K. oxy-
toca (Toraya T, Shirakashi T, Kosuga T 1976), and a B-12
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independent glycerol/diol dehydratase type (EC 4.1.2.30) as
for example from Clostridium glycolicum or C. butyricum
(Brien et al. 2004; Hartmanis and Stadtman 1986) (Table 1).

TABLE 1

B12 independent dehydratase (EC 4.2.1.28)

Organism glycerol dehydratase  activator

Clostridium glycolicum

Clostridium butyricum ABX65443 ABX65444
Clostridium sp. AAY34226 ACF15539
Clostridium diolis ACI39933 ACI39932

Roseburia inulinivorans ZP_ 03753304 ZP_ 03753303

B12 dependent dehydratase (EC 4.1.2.30)

Organism alpha beta Gamma
Klebsiella 1DIO_A 1DIO_B 1DIO_G
oxytoca

Salmonella NP_460985 NP__460986 NP_460987
enterica

Citobacter YP_001452384 YP_001452383 YP_001452382
koseri

Klebsiella YP_002236782 YP_002236781 YP_002236780
preumoniae

Escherichia YP_001463342 YP_001463343 YP_001463344
coli

However, conversion of propane-1,2-diol to propan-2-one
and propan-2-ol has never been observed and an enzyme
catalysing this reaction is previously unknown. Also no ste-
reospecific conversion of propane-1,2-diol has been
described. The inventors identified here a stereospecific reac-
tion of propane-1,2-diol to propan-2-one plus propan-2-ol
and/or propanal and propan-1-ol as depicted in FIG. 1. With-
out being bound to this theory, the inventors think, the novel
diol dehydratase of C. autoethanogenum stereospecifically
converts (R)-propane-1,2-diol to propan-2-one and (S)-pro-
pane-1,2-diol to propan-2-ol.

Propan-2-one conversion to propan-2-ol is then catalyzed
by a primary:secondary alcohol dehydrogenase (SEQ ID NO:
5 and 6) as described in U.S. patent application Ser. No.
13/403,972 and U.S. Ser. No. 13/459,211 earlier. The primary
function of such an enzyme can also catalyze the reduction of
propanal to propan-1-ol (Ismaiel et al. 1993), as many other
primary alcohol dehydrogenases and uspecific ethanol dehy-
drogenases.

Identification of a Diol Dehydratase Gene

A search in the genome of C. autoethanogenum identified
a gene (SEQ ID NO:3 and 4) that has low homology (Identi-
ties=503/844 (59%), Positives=626/844 (74%), Gaps=63/
844 (7%), respectively Identities=125/257 (49%), Posi-
tives=181/257 (70%), Gaps=0/257 (0%)) to the BI12-
independent glycerol dehydratase of C. butyriucm
(ABX65443 and ABX65444) on amino acid level.

This enzyme has been knocked out in C. autoethanogenum
using the ClosTron system (Heap et al. 2007), which resulted
in a strain unable to utilize propane-1,2-diol and form any
propan-2-one, propan-2-ol, propanal, or propan-1-ol, thus
demonstrating that this enzyme represents the novel diol
dehydratase responsible for stereospecific conversion of pro-
pane-1,2-diol into propan-2-one and propanal.

The Perutka algorithm hosted at ClosTron.com was used to
identify the group II intron target site between bases 2052 and
2053 on the sense strand of the gene and to design the intron
targeting region (SEQ ID NO:13) which was chemically syn-
thesized in pMTLOO7C-E2 vector. The final vector,
pMTLO07C-E2-pfl-1136-205212053s, contains a Retro-tran-
position-Activated ermB Marker (RAM) which confers resis-
tance to antibiotic Clarithromycin upon insertion into the
target site.
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The pMTLO07C-E2-pfl-1136-2052!12053s plasmid was
introduced into C. autoethanogenum as described above.
Streaks of single colonies on PETC-MES agar with 15 pug/ml
thiamphenicol were made sequentially and 8 colonies were
randomly screened for group 1 intron insertion by PCR using
primers Og84f (SEQ ID NO:14) and Of85r (SEQ ID NO:15),
flanking the group II intron insertion site in the target gene,
and Maxime PCR PreMix Kit. 16s rDNA was also PCR
amplified using primers fD1 (SEQ ID NO:16) and rP2 (SEQ
1D NO:17) and Maxime PCR PreMix Kit. A PCR product of
316 bp indicates the unmodified wild type genotype and a
PCR product of ~2 kb indicates insertion of group I intron in
the target gene. All 8 clones appear positive for gene disrup-
tion as seen by the amplification of ~2 kb PCR product (FIG.
10). Further, sequencing of the PCR products from clones-4
(SEQ ID NO: 18 and 19) and -7 (SEQ ID NO: 20 and 21)
confirmed the PCR products to be group II intron targeting
fragment with RAM cassette. The 16s rDNA PCR products of
clones-4 (SEQ ID NO: 22 and 23) and -7 (SEQ ID NO: 24
and 25) were also sequence verified which confirmed the two
clones to be C. autoethanogenum. These results confirmed
the disruption of a putative diol dehydratase gene in C. auto-
ethanogenum. Clone 4 was tested by growth in the presence
of propane-1,2-diol and the strain was unable to utilize pro-
pane-1,2-diol and form any propan-2-one, propan-2-ol, or
propan-1-ol (FIG. 11), thus demonstrating that this enzyme
represents the novel diol dehydratase responsible for ste-
reospecific conversion of propane-1,2-diol into propan-2-one
and propanal.

Similar  genes (CLJU_c11830; 9444800 and
CLJU_c11831; 9444801) and enzymes (YP_ 003779353 and
YP__003779354) are only present in C. Jjungdahlii with 99%
(one mismatch), and 100% identity, respectively. The respec-
tive gene and enzyme is annotated as pyruvate:formate
lysase, not as diol dehydratase. A BLAST result of the diol
dehydratase enzyme (SEQ ID NO:1) is shown in Table 2, an
overview in FIG. 8 (black bars are mismatches to the amino
acids sequence of the reference C. autoethanogenum diol
dehydratase, white areas represent gaps). It can be seen that
there is a specific domain between position 596 and 656 (SEQ
ID NO: 9) of the enzyme that is only present in C. [jungdahlii
but not in any other enzymes, such as the known one from C.
butyricum, while the rest of the enzyme shares good homol-
ogy. Without being bound to this theory, the inventors believe
that this protein domain may allow the conversion of propane-
1,2-diol to propan-2-one and propanal.

To test if only the diol dehydratases of C. autoethanogenum
and C. [jungdahlii can catalyze this novel reaction from pro-
pane-1,2-diol to propan-2-one and propanal, other carboxy-
dotrophic organism as the closely related C. ragsdalei which
share several features with C. autoethanogenum and C.
ljungdahlii (Kopke et al. 2011) (WO 2008/028055) and
organisms such as C. butyricum which have a related diol
dehydratase were grown in presence of a racemix mix of 5 g/I.
propane-1,2-diol (Table 3). To ensure the glycerol/diol dehy-
dratase gene was expressed, C. butyricum was grown in pres-
ence of glycerol.

TABLE 3

Conversion of propane-1,2-diol in carboxydotrophic organisms
and organisms with known diol dehydratases and E. coli:

Formation of
propanal/
propan-1-ol

Formation of
propan-2-one/

Organism propan-2-ol

C. autoethanogenum
C. ljungdahlii

C. ragsdalei

C. carboxidivorans

Yes (stereospecific)
Yes
No
No

yes (stereospecific)
Yes
No
Yes
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TABLE 3-continued

Conversion of propane-1,2-diol in carboxydotrophic organisms
and organisms with known diol dehydratases and E. coli:

Formation of Formation of

propan-2-one/ propanal/
Organism propan-2-ol propan-1-ol
C. butyricum No Yes
E. coli No No
C. butyricum (Brien et el. No Yes
2004)
C. glucolicum (Hartmanis No Yes
and Stadtman 1986)
K. prneumonia (Toraya T, No Yes

Shirakashi T, Kosuga T
1976)

Clostridium ljungdahlii cells indeed were able to convert
racemic propane-1,2-diol to propan-1-ol and propan-2-ol
because the same enzyme and also a secondary alcohol dehy-
drogenase are present (FIG. 4). Clostridium ragsdalei how-
ever showed no conversion or consumption of racemic pro-
pane-1,2-diol (FIG. 5). Clostridium carboxidivorans
consumed all of the racemic propane-1,2-diol, but produced
only propan-1-ol, but not propan-2-one or propan-2-ol (FIG.
6). Clostridium butyricum also converted the racemic pro-
pane-1,2-diol to propan-1-ol (FIG. 9) confirming results
described in literature (Brien et al. 2004). For Clostridium
carboxidivorans, conversion of propane-1,2-diol has not
been observed before, but Clostridium carboxidivorans has
genes for a dehydratase homologous to the vitamin B-12
dependent enzyme from Klebsiella oxytoca.

As described above, the diol dehydratase enzyme of C.
autoethanogenum is stereospecific, converting the (S)-form
and the (R)-form of propane-1,2-diol into different products.
Cultures of C. butyricum were grown with the different ste-
reo-isomers of propane-1,2-diol to determine if it had a simi-
lar stereospecificity. Propane-1,2-diol; racemic, (R), or (S),
was added at 1 g[.-1 (13 mM) at the time of inoculation. After
40 hours, the culture with (S)-propane-1,2-diol had converted
all of the diol to propane-1-ol. The culture with racemic
propane-1,2-diol had converted about 64% to propan-1-ol
(8.3 mM). The Culture with (R)-propane-1,2-diol had con-
verted about 19% to propan-1-ol (2.5 mM) (Table 4).

TABLE 4

Conversion of 1 g L-1 (13 mM) propane-1,2-diol isomers
in C. butyricum after 40 hours of growth

1,2-PDO Propan-1-ol Propan-2-ol
1,2-PDO isomer residual (mM)  produced (mM) produced (mM)
None 0 0 0
Racemic 3.9 8.3 0
R) 11 2.5 0
(S) 0 13 0

The enzyme responsible for conversion of propane-1,2-ol
in C. butyricum appears to convert the (S)-isomer at a greater
rate than the (R)-isomer, however both isomers are converted
to propan-1-al and reduced to propane-1-ol. This demon-
strates that the enzyme of C. butyricum is a homologous diol
dehydratase and not capable of a stereospecific conversion as
the enzyme of C. autoethanogenum. Neither isomer is dehy-
drated by the C. butyricum enzyme to propan-2-one, as is
observed in cultures of C. autoethanogenum.
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Expression of a Heterologous Diol Dehydratase in C. Auto-
ethanogenum to Increase Conversion Rate

The promoter region of the phosphotransacetylase-acetate
kinase operon (Ppta-ack) was amplified using primers Ppta-
ack-Notl-F (SEQ ID NO: 10: GAGCGGCCGCAATAT-
GATATTTATGTCC) and Ppta-ack-NdeIl-R (SEQIDNO: 11:
TTCCATATGTTTCATGTTCATTTCCTCC) and cloned
into the E. coli-Clostridium shuttle vector pMTL83151
(FJ797647.1) (Heap et al. 2009) using Notl and Ndel restric-
tion sites, generating the plasmid pMTL83155. The genes
encoding the diol dehydratase from Klebsiella oxytoca,
pddABC were codon optimized (SEQ ID NO: 12) and syn-
thesized. The synthesized pddABC operon was then sub-
cloned into the pMTL83155 using restriction enzymes Ndel
and EcoRI.

The plasmid, pMTL83155 pdd ABC was used to transform
C. autoethanogenum using methods described above. Out-
growth was performed on YTF-agar hours the cells were
scraped from the plate and suspended in 0.5 mL. PBS and
spread on YTF-agar (8 g/LL tryptone, 5 g/ yeast extract, 2 g/
NaCl, 2.5 g/L. fructose, and 7.5 g/L. agar, pH 5.8) containing
15 pg mL~* thiamphenicol, and incubated at 37° C. in 30 psi
Real Mill Gas. Single colonies were restreaked on PETC-
MES-agar containing 15 pg mL™' thiamphenicol, then
restreaked on PETC-MES-agar containing 15 pg mL ™" thia-
mphenicol and 0.5% fructose. Multiple colonies were picked
up from the plates with fructose and grown up in 3 mL of
PETC-MES with 0.5% fructose in Balch tubes with 30 psi
Real Mill Gas. Presence of plasmid was verified by PCR.

When C. autoethanogenum harbouring pMTL83155-
pddABC was grown in the presence of propane-1,2-diol more
propan-1-ol was produced than in the samples without the
plasmid. The transgenic strain also produced less propan-2-ol
than the wildtype (FIG. 7). These data indicate that the trans-
genic strain converted propane-1,2-diol to propan-1-ol at a
faster rate than the wild type C. autoethanogenum.
Diol Dehydratase Activator Enzyme

The diol dehydratase from C. butyricum is understood to be
a glycyl radical enzyme, requiring an activator enzyme to
generate the radical through reductive cleavage of S-adenos-
ylmethionine (Raynaud et al 2003, O’brien et al 2004). Other
homologous enzymes with similar glycyl radical chemistries,
such as pyruvate formate-lyase and anaerobic ribonucleotide
reductase, have similar structures and activator enzymes
(Atta et al, 2010). The diol dehydratase from C. autoethano-
genum (SEQ ID NO: 1), having 59% identity to the C. butyri-
cum diol dehydratase, is understood to have a similar struc-
ture and carry out similar chemistry for the dehydration of
propane-1,2-diol. The gene (SEQ ID NO: 4) encoding the
activator enzyme in C. autoethanogenum (SEQ ID NO: 2) is
directly downstream of the diol dehydratase, as observed in
C. butyricum and in the genes for pyruvate formate-lyasein £.
coli.
Functional Expression of Diol Dehydratase and Activator
Enzyme in E. Coli

To confirm identification of genes responsible for novel
activity, and demonstrate that the enzymes function in alter-
native hosts, the genes encoding diol dehydratase (SEQ 1D
NO: 1) and activator enzyme (SEQ ID NO: 2) of C. autoet-
hanogenum were expressed and demonstrated to function in
E. coli. The genes (SEQ ID NO: 3-4) were synthesized with
codons optimised for E. coli (SEQ ID NO: 26), and expressed
in an operon on the plasmid pTrc99A (Amersham Pharma-
cia).
Escherichia coli 1M109 was transformed with the con-
structed plasmid (pTrc-dhaB1B2) and with pTrc99A as a
control. Overnight cultures grown in LB were used to inocu-

15

20

25

40

45

55

30

late 2x-YT supplemented with 0.2 mg/mL ferric ammonium
sulphate dodecahydrate and containing 60 mM propane-1,2-
diol (R, S, or racemic). After 4 hours of aerobic growth at 37°
C. isopropyl p-D-1-thiogalactopyranoside was added to a
final concentration of 1 mM to induce expression of the diol
dehydratase and tubes were capped. The cultures were then
grown at 30° C. After 48 hours the concentration of propane-
1,2-diol and products were measured by HPLC (Table 5). In
the case of racemic propane-1,2-diol the concentration of
substrate had been reduced to 34 mM yielding 9.2 mM and
14.7 mM acetone (propane-2-one) and propan-1-ol respec-
tively (FIG. 12). Escherichia coli lack a secondary alcohol
dehydrogenase to reduce the propan-2-one to propan-2-ol as
occurs in C. autoethanogenum. The propan-2-one was veri-
fied by GC to ensure it was not propan-2-ol which has a
similar retention time on the HPL.C method used.

TABLE 5

Stereospecific conversion of isomers of propane-1,2-diol by
E. coli expressing diol dehvdratase from C. autoethanogenum

Residual diol ~ Acetone  1-propanol
Isomer added (mM) (mM) (mM)
(R)-propane-1,2-diol 24.5 32.9 3.7
(S)-propane-1,2-diol 47.7 0.0 16.7
Racemic propane-1,2-diol 343 9.2 14.7

This demonstrates successful conversion of propane-1,2-
diol to propan-2-one and 1-propanol in recombinant E. coli
expressing heterologous diol dehydratase operon of C. auto-
ethanogenum.

A pathway for production of propane-1,2-diol production
with E. coli has been described previously (Jain and Yan
2011). Expressing this pathway in combination with the diol
dehydratase operon of C. autoethanogenum allows for pro-
duction of acetone. Secondary alcohol dehydrogenase genes
(as described in U.S. patent application Ser. No. 13/403,972
and U.S. Ser. No. 13/459,211) can be co-expressed for iso-
propanol production, while co-expressing genes described in
(van Leeuwen et al. 2012) (W02011032934) allow for isobu-
tylene production.

The invention has been described herein, with reference to
certain preferred embodiments, in order to enable the reader
to practice the invention without undue experimentation.
However, a person having ordinary skill in the art will readily
recognise that many of the components and parameters may
be varied or modified to a certain extent or substituted for
known equivalents without departing from the scope of the
invention. It should be appreciated that such modifications
and equivalents are herein incorporated as if individually set
forth. Titles, headings, or the like are provided to enhance the
reader’s comprehension of this document, and should not be
read as limiting the scope of the present invention.

The entire disclosures of all applications, patents and pub-
lications, cited above and below, if any, are hereby incorpo-
rated by reference. However, the reference to any applica-
tions, patents and publications in this specification is not, and
should not be taken as, an acknowledgment or any form of
suggestion that they constitute valid prior art or form part of
the common general knowledge in any country in the world.

Throughout this specification and any claims which follow,
unless the context requires otherwise, the words “comprise,”
“comprising” and the like, are to be construed in an inclusive
sense as opposed to an exclusive sense, that is to say, in the
sense of “including, but not limited to.”
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 26

<210> SEQ ID NO 1

<211> LENGTH: 854

<212> TYPE: PRT

<213> ORGANISM: Clostridium autoethanogenum

<400> SEQUENCE: 1

Met Asn Asp Val Leu Asn Lys Leu Tyr Thr Ala Asn Gln Ser Lys Arg
1 5 10 15

Ile Glu Lys Leu Thr Asn Asp Leu Tyr Ser Val Thr Pro Glu Ile Glu
20 25 30

Ala Gln Arg Ala Val Leu Ile Thr Glu Ser Phe Lys Glu Thr Glu Ala
35 40 45

Tyr Pro Met Ile Ile Arg Arg Ala Lys Ala Leu Glu Lys Ile Leu Asn
50 55 60

Glu Met Asp Ile Val Ile Arg Asp Glu Glu Leu Ile Val Gly Asn Leu
65 70 75 80

Thr Lys Lys Pro Arg Ala Ala Ser Ile Phe Pro Glu Phe Ser Asn Lys
85 90 95

Trp Leu Leu Glu Glu Phe Asp Thr Leu Ala Lys Arg Thr Gly Asp Val
100 105 110

Phe Leu Ile Ser Glu Asp Val Lys Ser Gln Leu Arg Glu Val Phe Lys
115 120 125

Tyr Trp Asp Gly Lys Thr Thr Asn Glu Leu Ala Thr Glu Tyr Met Phe
130 135 140

Ser Glu Thr Lys Glu Ala Met Glu Ala Gly Val Phe Thr Val Gly Asn
145 150 155 160

Tyr Tyr Phe Asn Gly Ile Gly His Ile Ser Val Asp Tyr Ala Lys Val
165 170 175

Leu Ser Lys Gly Phe Asn Gly Ile Ile Glu Asp Ala Glu Ser Glu Lys
180 185 190

Ala Lys Ala Asp Lys Ala Asp Pro Asp Tyr Ile Lys Lys Asp Gln Phe
195 200 205

Leu Thr Ala Val Ile Ile Thr Ser Lys Ala Val Ile Lys Phe Ala Arg
210 215 220

Arg Phe Ala Glu Leu Ala Arg Asn Leu Ala Ser Gln Ser Leu Asp Ser
225 230 235 240

Arg Arg Arg Glu Glu Leu Met Gln Ile Ala Glu Asn Cys Gln Trp Val
245 250 255

Pro Glu Arg Pro Ala Arg Thr Phe Tyr Glu Ala Leu Gln Ser Phe Trp
260 265 270

Phe Val Gln Ser Ile Ile Gln Ile Glu Ser Asn Gly His Ser Ile Ser
275 280 285

Pro Met Arg Phe Asp Gln Tyr Met Tyr Pro Tyr Phe Lys Lys Asp Val
290 295 300

Ser Asn Gly Leu Ile Thr Gln Glu Lys Ala Gln Glu Leu Leu Asp Cys
305 310 315 320

Leu Trp Val Lys Phe Asn Asp Val Asn Lys Val Arg Asp Glu Gly Ser
325 330 335

Thr Lys Ala Phe Gly Gly Tyr Pro Met Phe Gln Asn Leu Ile Val Gly
340 345 350

Gly Gln Thr Ile Asp Gly Arg Asp Ala Thr Asn Glu Leu Ser Phe Met
355 360 365
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-continued

34

Cys
Ile
385

Glu

Arg

Thr

Glu

465

Arg

Ala

Asp

Leu

Glu

545

Ala

Asp

Phe

Asn

625

Leu

Ser

Ile

Asn

Gly

705

Ala

Ser

Ser

Asn

Leu

370

Arg

Val

Ile

Asp

Glu

450

Ile

Thr

Tyr

Asn

Ser

530

Gly

Asn

Lys

Gly

Glu

610

Ile

Glu

Ile

Asp

Glu

690

Leu

Thr

Pro

Val

Gln
770

Glu

Ala

Thr

Ile

Tyr

435

Gly

Thr

Gly

Lys

Ser

515

Ser

Gly

Ala

Lys

Glu

595

Val

Glu

Pro

Arg

Glu

675

Val

Tyr

Pro

Val

Ala

755

Lys

Ala

Trp

Arg

Pro

420

Gly

Trp

Ile

Asp

Leu

500

Val

Met

Ala

Ala

Ile

580

Cys

Gly

Lys

Gly

Gln

660

Val

Glu

Pro

Asp

Ser

740

Lys

Phe

Thr

Asn

Leu

405

Ser

Ile

His

Asn

Phe

485

Gln

Asp

Ala

His

Asp

565

Thr

Lys

Asp

Leu

Lys

645

Met

Asp

Lys

Val

Gly

725

Gly

Ile

His

Ala

Lys

390

Gly

Leu

Ile

Asp

Asn

470

Thr

Met

Leu

Asp

Tyr

550

Ser

Leu

Lys

Met

Leu

630

Asp

Leu

Asp

Tyr

Ser

710

Arg

Arg

Asp

Pro

His

375

Thr

Leu

Thr

Gly

Ala

455

Gly

Ser

Glu

Ala

Asp

535

Asn

Leu

Gln

Asn

Lys

615

Ser

Ile

Leu

Leu

Thr

695

Ala

Lys

Asp

His

Ser
775

Thr

Pro

Gly

Ser

Cys

440

Ala

Met

Phe

Tyr

His

520

Cys

Phe

Glu

Asp

Pro

600

Gly

Glu

Asn

Asn

Ala

680

Asn

Asn

Ala

Ala

Cys

760

Ala

Lys

Asp

Met

Arg

425

Val

Phe

Asp

Thr

Phe

505

Gly

Ile

Thr

Ala

Leu

585

Ile

Leu

Glu

Leu

Arg

665

Arg

Pro

Val

Gly

Met

745

Lys

Leu

Leu

Glu

Pro

410

Gly

Glu

Phe

Asn

Ser

490

Val

Glu

Ala

Gly

Ile

570

Lys

Ser

Thr

Lys

Gly

650

Ala

Glu

Arg

Pro

Glu

730

Gly

Ala

Glu

Pro

Leu

395

Ala

Leu

Pro

Asn

Gly

475

Phe

Lys

Arg

Arg

Pro

555

Lys

Asn

Glu

Pro

Lys

635

Ser

Pro

Ala

Asn

Met

715

Pro

Pro

Ser

Gly

Gln

380

Leu

Tyr

Thr

Gln

Ile

460

Lys

Glu

Leu

Ala

Gly

540

Gln

Lys

Ala

Leu

Glu

620

Thr

Tyr

Lys

Ala

Gly

700

Gly

Leu

Thr

Asn

Gln
780

Pro

Leu

Tyr

Leu

Lys

445

Val

Gln

Lys

Leu

Pro

525

Lys

Gly

Leu

Leu

Ala

605

Thr

Ser

Gly

Phe

Leu

685

Gln

Ser

Ala

Ala

Gly
765

Thr

Ser

Lys

Asn

Glu

430

Gly

Lys

Ile

Leu

Val

510

Leu

Ser

Val

Val

Asp

590

Asn

Ile

Leu

Asn

Gly

670

Ile

Phe

Gln

Asp

Ala

750

Thr

Gly

Ile

Ala

Asp

415

Asp

Gly

Val

Gly

Phe

495

Asn

Pro

Leu

Gly

Phe

575

Thr

Ser

Leu

Glu

Lys

655

Asn

Tyr

Gln

Thr

Gly

735

Ala

Leu

Leu

Ser

Ala

400

Glu

Ala

Lys

Leu

Leu

480

Asp

Ala

Phe

Gln

Val

560

Glu

Asn

Ile

Lys

Gly

640

Glu

Asp

Cys

Pro

Gly

720

Val

Asn

Phe

Gln
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Asn
785

Asn

Ala

Arg

Leu

Gln

Pro

His

Thr
850

Ser

Phe

Glu

Phe

835

Glu

Ser

Asn

Asn

820

Thr

His

Leu

Val

805

Tyr

Ser

Thr

<210> SEQ ID NO 2

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Clostridium

PRT

<400> SEQUENCE:

Met

1

Lys

Ser

Asn

Lys

65

Ser

Glu

Thr

Met
Ala
145

Gln

Thr

Leu

Asp

225

Lys

Gly

Glu

Cys

Arg

Cys

50

Glu

Gly

Phe

Ala

Leu

130

Asn

Asn

Pro

Ala

Pro
210
Tyr

Leu

Ile

Pro

Tyr

Val

35

Tyr

Leu

Gly

Ala

Ile

115

Pro

Lys

Ala

Val

Asn

195

Tyr

Ile

Lys

Asp

Gln

Glu

20

Asp

Ala

Leu

Gly

Glu

100

Glu

Trp

His

Lys

Ile

180

Phe

His

Met

Glu

259

2

Val

5

Val

Gln

Gly

Leu

Ile

85

Glu

Thr

Leu

Leu

Leu

165

Pro

Ala

Arg

Lys

Leu
245

<210> SEQ ID NO 3

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum

2565

Val

790

Val

Arg

Leu

Phe

Met

Cys

Asn

Ala

Glu

70

Thr

Leu

Ala

Asp

Glu

150

Ile

Gly

Thr

Leu

Gly

230

Val

Arg

Ser

Asn

Asp

Phe

Ser

Lys

Leu

55

Leu

Leu

Leu

Ala

Leu

135

Tyr

Ala

Val

Ser

Gly

215

Leu

Glu

Thr

Arg

Leu

Lys
840

Phe

Glu

Val

825

Ser

Phe

Thr

810

Val

Ile

Asp
795
Leu

Arg

Gln

autoethanogenum

Ile

Asn

Cys

40

Asn

Lys

Ser

Lys

Phe

120

Val

Thr

Gln

Asn

Leu

200

Glu

Gln

Glu

Pro

Gly

25

Val

Leu

Lys

Gly

Gly

105

Thr

Met

Gly

Phe

Ser

185

Lys

Asn

Pro

Cys

Ser

10

Ala

Lys

Ala

Asp

Gly

90

Cys

Ser

Leu

Lys

Gly

170

Asp

Ser

Lys

Pro

Gly
250

Lys

Ile

Cys

Gly

Asn

75

Glu

Lys

Gln

Asp

Pro

155

Val

Glu

Val

Tyr

Thr

235

Leu

Glu

Leu

Val

Asp

Cys

Asp

Gly

Asn

60

Ile

Val

Gln

Ser

Ile

140

Asn

Gln

Asn

Lys

Glu

220

Lys

Ile

Lys

Asp

Ala

Asp
845

Ile

Phe

Lys

45

Thr

Tyr

Thr

Asn

Val

125

Lys

Glu

Leu

Asn

Glu

205

Tyr

Glu

Cys

Gly

Ala

Gly

830

Ile

Gly

Asn

30

Cys

Arg

Tyr

Ala

Gly

110

Leu

His

Leu

Ile

Ile

190

Leu

Leu

Glu

Lys

Leu
Gln
815

Tyr

Ile

Cys

15

Leu

Val

Thr

Arg

Gln

95

Trp

Glu

Met

Ile

Ile

175

Arg

His

Gly

Ile

Val
255

His
800
Lys

Ser

Lys

Lys

Pro

Glu

Val

Arg

Pro

His

Arg

Asp

Leu

160

Arg

Ala

Leu

His

Asn

240

Gly
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<400> SEQUENCE: 3

ttgaatgatg ttttaaacaa actttatact gcaaatcaaa gtaaaagaat agaaaaatta 60
actaacgatt tatactcggt aactcctgaa atcgaagege aaagagcagt tttaataacg 120
gaatctttta aggaaactga agcttatcct atgattatta gaagagctaa agctttagaa 180
aaaatactaa atgaaatgga tatagttatt cgtgatgaag aacttattgt aggaaattta 240
actaaaaaac ctagagcggc ttcaatattt cecggaatttt caaataagtg gcttttggag 300
gaatttgata ctcttgcaaa aagaactggt gatgtatttc ttattagtga agatgtaaaa 360
tcacaactta gagaagtatt caaatattgg gatggaaaaa caacaaatga gcttgcaaca 420
gagtatatgt tttcagaaac gaaggaagca atggaagcag gggtatttac tgttggaaat 480
tattacttca atggtatagg tcatatttct gtagattatg caaaagtatt atctaaagga 540
tttaacggta taattgaaga tgcagaaagt gaaaaggcta aagcagataa agcagatcca 600
gattacataa agaaggatca gtttttaaca gctgtaatca taacttcaaa agctgttatt 660
aagtttgcta gacgttttgc tgaattagcet agaaatttag caagtcaatc attggattca 720
cgaagacgtg aagagttaat gcaaatagct gaaaattgte agtgggtacc tgaaagacca 780
gctagaacgt tttatgaggc tctacaatca ttttggtttg tacaatctat tattcaaata 840
gaatctaatg gacattcaat atcacctatg cgttttgacc aatacatgta tccttatttt 900
aagaaggatg tatcaaatgg acttattaca caagaaaaag cccaagaact tttagattgt 960
ctatgggtta aatttaatga tgttaataag gttcgtgatg aaggatcaac aaaagcattt 1020
ggtggatatc caatgttcca gaacttaatt gtaggtggac aaactattga tggaagagat 1080
gctacaaatg agctttcatt tatgtgcctt gaagctactg cacataccaa attaccgcaa 1140
ccatcaattt caataagagc ttggaacaaa actccagatg agttattatt aaaagctgct 1200
gaagtaactc gtttaggttt aggtatgcca gcttactata atgatgaagt tatcattcect 1260
tctttgacaa geccgeggtet tacgttagaa gatgctagag attatggtat tattggatgt 1320
gtagaacctc aaaaaggtgg aaagacggaa ggatggcatg atgctgcatt ctttaatatt 1380
gtaaaggtat tagagataac tataaataat ggtatggata atggcaaaca gataggatta 1440
agaactggag acttcacttc ttttacatca tttgagaaat tatttgatgc atacaaatta 1500
cagatggagt attttgttaa acttttagtt aatgcagata acagtgtaga tttagcacat 1560
ggagagagag caccattacc attcttatct tcaatggcag acgattgtat agctagagga 1620
aagtcattac aagaaggagg agcacattac aactttacag gaccacaagg agtaggagtt 1680
gcaaatgcag cagactcgtt agaagctatt aagaaacttg tttttgaaga taagaagata 1740
actttacagg atttaaagaa tgcgttagac actaattttg gtgaatgtaa gaaaaaccca 1800
atatctgaac ttgctaatag cataaatgaa gtgggtgata tgaaaggatt aacacctgaa 1860
actatattga aagttattga gaaattatta tcagaagaaa agaaaacctc attagaagga 1920
ttggagccgg gtaaagatat taatttaggt agttatggaa ataaagagag tattcgtcaa 1980
atgctattaa atagagcacc taagtttggt aatgatatag atgaggttga tgatttagca 2040
cgagaagccg cattaattta ctgtaatgaa gttgaaaaat acactaatcc acgtaatggt 2100
caattccaac caggacttta tcctgtttct gcaaatgttc caatgggatc acagacagga 2160
gcaacaccag atggaagaaa agctggggaa ccactagcag atggtgtatc accagtttca 2220
ggaagagatg caatgggacc aactgcagct gctaattctg ttgcgaaaat agaccattgt 2280
aaagcttcaa atggtacatt atttaatcaa aagtttcatc catctgcttt agaaggtcag 2340
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40

actggtttac
gtacaattta
tatagaaatc
tcaattcagg
<210> SEQ I

<211> LENGT.
<212> TYPE:

agaatttatc
atgtagtaag
tggtagtacg
atgatattat
D NO 4

H: 780
DNA

ttctctagta

tagagaaacg

tgtagccgga

aaaaagaaca

agaacctttt

cttttagatg

tatagtgcte

gaacatactt

<213> ORGANISM: Clostridium autoethanogenum

<400> SEQUENCE: 4

atggagccac
gtttgcagta
gttaagtgtyg
acgagaactg
tctggtggty
gaattactaa
acatctcaaa
aagcacatgg
cagaatgcaa
ccaggagtta
aaaagtgtta
tacttaggac
aagcttaaag
<210> SEQ I

<211> LENGT.
<212> TYPE:

<213> ORGANISM: Clostridium

aagtaatgtt
atggagcaat
gtaagtgtgt
taaaggaatt
gaattacttt
aaggatgcaa
gtgttttaga
atgcaaataa
aattaatagc
atagcgatga
aagaattaca
atgattatat
aactagtgga
D NO 5

H: 351
PRT

<400> SEQUENCE: 5

Met Lys Gly
1

Lys Lys Asn

Ala Val Ser
35

Leu Gly Asn

Ile Ala Glu
65

Val Ile Val

Ala Gly Phe

Ser Asn Phe

115

Ala Asp Met
130

Ala Val Met
145

tattccaage

agatttcaac

tgagaattgt

gttactagaa

atcaggagga

acaaaatggt

aaggatgcta

acatttagag

tcagtttgga

aaataatata

tcttctacca

aatgaagggt

agaatgtgga

Phe Ala Met Leu Gly

5

Pro Val Pro Gly Pro

20

Pro Cys Thr Ser Asp

40

Arg Glu Asn Met Ile

55

Val Gly Ser Glu Val

70

Pro Cys Thr Thr Pro

85

Gln Gln His Ser Asn

100

Lys Asp Gly Val Phe

120

Asn Leu Ala Ile Leu

135

Met Thr Asp Met Met
150

aaatgtatag

ctteccttcecta

tatgctggag

ttgaaaaagg

gaagtaacag

tggcacacag

ccttggettyg

tatacaggaa

gttcagttaa

agagctacag

taccatcgte

ttacaaccac

ctaatatgta

Ile

Tyr

25

Ile

Leu

Lys

Asp

Gly

105

Ala

Pro

Thr

Asn

10

Asp

His

Gly

Asp

Trp

90

Met

Asp

Asp

Thr

autoethanogenum

Lys

Ala

Thr

His

Phe

75

Arg

Leu

Tyr

Glu

Gly
155

tcgatgaaaa aggattacat

ctcaaaagaa tcctgaaaat

actttacttce tttagataag

tttag

gatgtaaaaa

gagttgatca

ctttgaattt

ataacatata

ctcaacctga

ctattgaaac

atttagttat

agcctaatga

taataagagt

ctaattttgce

ttggtgaaaa

ctactaaaga

aagttggtgg

Leu

Ile

Val

Glu

60

Lys

Ser

Ala

Phe

Ile
140

Phe

Gly

Val

Phe

45

Ala

Val

Leu

Gly

His

125

Pro

His

Trp

His

30

Glu

Val

Gly

Glu

Trp
110
Val

Leu

Gly

atgctatgaa
gaataaatgt
agcaggaaac
ttatagacga
gtttgctgaa
cgcageattt
gcttgatatt
gttaatctta
acctgttatt
aactagccett
taagtatgag
agaaataaat

aattgactag

Ile Glu
15

Pro Leu

Gly Ala

Gly Glu

Asp Arg

80

Val Gln

95

Lys Phe

Asn Asp

Glu Ser

Ala Glu
160

2400

2460

2520

2565

60

120

180

240

300

360

420

480

540

600

660

720

780
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Leu Ala Asp

Ala Val Gly

Arg Ile Ile

195

Phe Tyr Gly
210

Glu Gln Ile
225

Met Ala Gly

Lys Pro Gly

Thr Leu Pro
275

Thr Ile Arg
290

Leu Arg Asp
305

Thr His Val

Met Lys Asn

<210> SEQ I
<211> LENGT.
<212> TYPE:

<213> ORGANISM: Clostridium

Ile Lys Met Gly Ser

165

Leu Met Gly Ile Ala

180

Gly Val Gly Ser Arg

200

Ala Thr Asp Ile Val

215

Met Asp Leu Thr His
230

Gly Gly Ala Glu Thr

245

Gly Val Ile Ser Asn

260

Ile Pro Arg Val Gln

280

Gly Gly Leu Cys Pro

295

Leu Val Leu Tyr Lys
310

Phe Asp Gly Ala Glu

325

Lys Pro Lys Asp Leu

340

D NO 6
H: 1056
DNA

<400> SEQUENCE: 6

atgaaaggtt

gtgccaggte

atacatacgg

gctgtaggtg

gttatcgtac

cagcattcaa

gcagattact

cctttagaaa

cttgcagaca

atgggaatag

cctgtttgty

ggtgatatag

atggcaggcg

gtaatttcta

tggggctgcg

agaatggaaa

actcatgtat

ccaaaagatt

ttgcaatgtt

cttatgatge

tttttgaagg

aaatagccga

catgcacaac

acggtatgcet

ttcatgtaaa

gtgcagttat

taaaaatggg

ccggttecaa

ttgaaacagc

ttgaacaaat

gtggtgctga

acatcaacta

gecatggctca

tgctaagaga

ttgatggtge

taattaaatc

aggtattaac

gattgtacat

agcacttggt

agttggcage

acctgactgg

tgcaggatgg

cgatgcagat

gatgacagac

ctccagegtt

acttcgagga

taaattttat

catggactta

aacactagca

ccatggaage

caaaactata

tcttgtteta

agaaaatatt

agtagttaca

Ser

Gly

185

Pro

Asn

Gly

Leu

Ile

265

Trp

Gly

Arg

Asn

Ile
345

Val

170

Ser

Val

Tyr

Lys

Ala

250

Asn

Gly

Gly

Val

Ile

330

Lys

Val

Lys

Cys

Lys

Gly

235

Gln

Tyr

Cys

Arg

Asp

315

Glu

Ser

autoethanogenum

aaattaggat

cctetagetyg

aatagggaaa

gaagttaaag

agatctttag

aagttttcca

atgaatcttg

atgatgacta

gtagtaattg

gcaggcagaa

ggagcaactyg

actcatggta

caagcagtaa

ggtgatactt

agaggaggat

tataaacgtg

gaaaaggcce

ttctaa

Val Ile Gly
Leu Arg Gly
190

Val Glu Thr
205

Asn Gly Asp
220

Val Asp Arg

Ala Val Thr

His Gly Ser

270

Gly Met Ala
285

Leu Arg Met
300

Leu Ser Lys

Lys Ala Leu

Val Val Thr
350

ggattgaaaa
tatccccatg
atatgatttt
attttaaagt
aagtccaage
attttaaaga
ccatactece
ctggttttca
gtataggagc
ttatcggtgt
atattgtaaa
aaggtgtaga
ctatggttaa
taccaatacc
tatgcccegy
ttgatttgag

ttttgcttat

Ile Gly
175

Ala Gly

Ala Lys

Ile Val

Val Ile

240

Met Val
255

Gly Asp

His Lys

Glu Met

Leu Val

320

Leu Leu
335

Phe

gaaaaaccca
tacatcagat
aggccatgaa
tggcgataga
tggttttcag
tggtgtattt
agatgaaata
tggagcagaa
tgttggatta
tggaagcaga
ttataaaaat
ccgtgtaatce
acctggegge
tcgtgttceaa
cggacgtett
taaacttgtt

gaaaaataag

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1056
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44

<210>
<211>
<212>
<213>
<220>
<223>

PRT

<400> SEQUENCE:

Met

1

Ser

Ile

Ser

Lys

65

Ala

Asn

Ile

Glu

Ser

145

Thr

Phe

Asp

Lys

Ser

225

Ser

Arg

Ile

Pro

Thr

305

Glu

Ser

Asp

Phe

Phe

Asp

Asn

50

Ile

Ala

Pro

Cys

Val

130

Tyr

Ala

Ser

Arg

Ser

210

Ile

Leu

Tyr

Glu

Phe

290

Lys

Lys

Glu

Gly

Pro

Ile

Val

35

Met

Met

Phe

Phe

Lys

115

Ile

His

Ile

Glu

Lys

195

Val

Tyr

Lys

Phe

Asn

275

Lys

Asn

Asn

Lys

Trp
355

Cys

Glu

20

Glu

Lys

Asn

Met

Ile

100

Cys

Asn

Ile

Lys

Lys

180

Tyr

Asp

Arg

Cys

Cys

260

Thr

Arg

Trp

Glu

Cys

340

Val

SEQ ID NO 7
LENGTH:
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: designed type II methyltransferase

601

7

Asn

5

Asp

Glu

Lys

Gly

Val

85

Lys

Phe

Ser

Val

Val

165

Asn

Asp

Ser

Asp

Leu

245

Glu

Ser

Val

Asn

Lys

325

Lys

Phe

Ala

Val

Lys

Glu

Lys

70

Lys

Ile

Leu

Lys

Arg

150

Leu

Phe

Val

Ser

Lys

230

Lys

Ser

Ile

Gly

Asn

310

Asn

Lys

Val

Tyr

Glu

Met

Ile

55

Asn

Asn

Ile

Tyr

Asn

135

Asn

Lys

Gln

Phe

Tyr

215

Gly

Glu

Cys

Tyr

Ile

295

Asn

Lys

Phe

Asp

Ile

Gln

His

40

Ser

Gly

Leu

Asp

Leu

120

Asn

Asn

Ile

Val

Ile

200

Ser

Asp

Gly

Ser

Lys

280

Asp

Ile

Phe

Ser

Glu
360

Glu

Ile

Phe

Phe

Val

Ile

Pro

105

Asn

Leu

Leu

Asp

Lys

185

Gly

Tyr

Ile

Gly

Gly

265

Ile

Pro

Glu

Leu

Ile

345

Val

Tyr

10

Tyr

Ile

Ser

Val

Asn

90

Ser

Arg

Asn

Phe

Leu

170

Asp

Asn

Val

Ser

Lys

250

Lys

Ile

Met

Ile

Asp

330

Ser

Glu

Gly

Asn

Glu

Glu

Tyr

75

Val

Cys

Ile

Leu

Gly

155

Phe

Phe

Pro

Leu

Tyr

235

Leu

Glu

Asp

Ile

Ile

315

Ser

Gln

Lys

Asp

Phe

Thr

Glu

60

Thr

Asn

Gly

Phe

Lys

140

Phe

Leu

Leu

Pro

Arg

220

Cys

Val

Leu

Phe

Ile

300

Arg

Leu

Lys

Asn

Lys

Ile

Tyr

45

Tyr

Pro

Asp

Ser

Ile

125

Leu

Asp

Ile

Val

Tyr

205

Lys

Phe

Phe

Arg

Tyr

285

Phe

Pro

Phe

Ser

Ile
365

Asn

Lys

30

Lys

Tyr

Pro

Val

Gly

110

Lys

Glu

Ile

Ser

Glu

190

Ile

Ile

Phe

Val

Lys

270

Gly

Leu

Asn

Leu

Ile

350

Ile

Met

15

Lys

Gln

Lys

Glu

Ile

Asn

Asn

Asp

Asp

Asn

175

Asn

Gly

Tyr

Gln

Thr

255

Phe

Ile

Val

Lys

Asp

335

Asn

Asp

Asn

Asn

Lys

Gln

Met

80

Gly

Leu

Ile

Ile

Glu

160

Gln

Ile

His

Gly

Lys

240

Ser

Leu

Arg

Arg

Ile

320

Lys

Asn

Lys
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-continued

46

Ile Lys Glu
370

Gln Gly Ile
385

Ile Ile Asn

Lys Ser Ser

Ile Ile Tyr

435

Ile Lys Tyr
450

Cys Lys Lys
465

Pro Glu Ile

Asp Asn Arg

Tyr Ser Leu

515

Leu Asn Ile
530

Ala Lys Lys
545

Met Lys Leu

Glu Lys Lys

Ile Val Glu
595

<210> SEQ I
<211> LENGT.
<212> TYPE:

Lys Ser Lys Phe Ile

375

Ile Thr Gly Cys Asp
390

Ser Arg Lys Ile Glu

405

His Ile Arg Lys Asn

420

Ser Asn Leu Ile Glu

440

Ile Glu Gln Tyr Lys

455

Gly Thr Arg Lys Trp
470

Phe Glu Glu Lys Lys

485

Phe Ala Leu Asp Lys

500

Val Leu Lys Lys Asn

520

Leu Asn Ser Pro Leu

535

Leu Gly Glu Asn Leu
550

Cys Ile Pro Ser Ile

565

Leu Tyr Asp Phe Phe

580

Lys Ile Lys Asp Asn

D NO 8
H: 1806
DNA

600

Leu Lys Asp
Arg Ala Phe
395

Leu Arg Leu
410

Glu Val Ile
425

Asn Glu Thr

Lys Arg Leu

Tyr Glu Leu

475

Ile Val Phe
490

Gly Ser Tyr
505

Val Pro Phe

Tyr Glu Phe

Tyr Glu Tyr

555

Asp Phe Gly
570

Gly Leu Thr
585

Cys

<213> ORGANISM: Artificial Sequence

<220> FEATU

RE:

Ile Cys His
380

Ile Val Asp

Ile Lys Pro

Lys Gly Glu

430

Glu Cys Pro
445

Met Glu Arg
460

Gln Trp Gly

Pro Tyr Lys

Phe Ser Ala

510

Thr Tyr Glu
525

Tyr Phe Lys
540

Tyr Pro Asn

Gly Glu Asn

Asp Lys Glu
590

Ser Cys
Arg Asp
400

Trp Ile
415

Lys Phe

Asn Ala

Arg Glu

Arg Lys

480

Ser Cys
495

Asp Ile

Ile Leu

Thr Phe

Asn Leu
560

Asn Ile
575

Ile Glu

<223> OTHER INFORMATION: designed type II methyltransferase

<400> SEQUENCE: 8

atgttteegt

gatgtggaac

ttcattgaaa

tactataaac

geggecttta

aaaatcattg

aatcgcatct

ctggaagaca

accgcgatca

aatttccagyg

ggtaatccge

aaaatctacg

gcaatgccta

agatctacaa

cctataaaca

agaagattat

tggttaaaaa

acccgagetyg

ttattaagaa

tcagctacca

aagtgctgaa

ttaaagactt

cgtatategg

gcagcatcta

tatcgaatat

cttcattaaa

gaaaagcaac

gaacggcaaa

tctgatcaac

cggtagcggc

cattgaggtyg

catcgttege

aattgatctg

tctggtggaa

tcacaaaagc

ccgegacaaa

ggtgataaaa

aagaacattg

atgaagaaag

aatggegttyg

gttaacgatg

aatctgattt

attaacagca

aacaatctgt

tttctgatca

aatattgatc

gtggacagca

ggcgatatca

atatgaacag

atgtggaaga

agattagcett

tgtacaccce

ttattggcaa

gcaaatgttt

aaaataacct

ttggcttega

gcaaccaatt

gcaaatatga

gctacagceta

getattgttt

ctttatcgaa

aaagatgcat

tagcgaagaa

gecggaaatg

tcegtttatt

tctgtatetg

gaatctgaaa

tattgacgaa

tagcgagaaa

cgtgtteatt

cgtgetgege

ctttcagaag

60

120

180

240

300

360

420

480

540

600

660

720
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48

-continued
agcctgaaat gtctgaagga aggtggcaaa ctggtgtttyg tgaccagecyg ctacttetge 780
gagagctgca gcggtaaaga actgcgtaaa ttcctgatceg aaaacacgag catttacaag 840
atcattgatt tttacggcat ccgccegtte aaacgcegtgg gtatcgatce gatgattatt 900
tttetggtte gtacgaagaa ctggaacaat aacattgaaa ttattcgccce gaacaagatt 960
gaaaagaacg aaaagaacaa attcctggat agcctgttec tggacaaaag cgaaaagtgt 1020
aaaaagttta gcattagcca gaaaagcatt aataacgatg gctgggtttt cgtggacgaa 1080
gtggagaaaa acattatcga caaaatcaaa gagaaaagca agttcattct gaaagatatt 1140
tgccatagct gtcaaggcat tatcaccggt tgtgatcgeg cctttattgt ggaccgtgat 1200
atcatcaata gccgtaagat cgaactgcgt ctgattaaac cgtggattaa aagcagccat 1260
atccgtaaga atgaagttat taagggcgaa aaattcatca tctatagcaa cctgattgag 1320
aatgaaaccg agtgtccgaa tgcgattaaa tatatcgaac agtacaagaa acgtctgatg 1380
gagcgecegeyg aatgcaaaaa gggcacgcegt aagtggtatg aactgcaatg gggccgtaaa 1440
ccggaaatct tcgaagaaaa gaaaattgtt ttcccgtata aaagctgtga caatcgtttt 1500
gcactggata agggtagcta ttttagcgca gacatttata gecctggttct gaagaaaaat 1560
gtgcecgttceca cctatgagat cctgctgaat atcctgaata gceccgctgta cgagttttac 1620
tttaagacct tcgcgaaaaa gctgggcgag aatctgtacg agtactatcce gaacaacctg 1680
atgaagctgt gcatcccgag catcgatttce ggcggtgaga acaatattga gaaaaagctg 1740
tatgatttct ttggtctgac ggataaagaa attgagattg tggagaagat caaagataac 1800
tgctaa 1806
<210> SEQ ID NO 9
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 9
Cys Lys Lys Asn Pro Ile Ser Glu Leu Ala Asn Ser Ile Asn Glu Val
1 5 10 15
Gly Asp Met Lys Gly Leu Thr Pro Glu Thr Ile Leu Lys Val Ile Glu
20 25 30
Lys Leu Leu Ser Glu Glu Lys Lys Thr Ser Leu Glu Gly Leu Glu Pro
35 40 45
Gly Lys Asp Ile Asn Leu Gly Ser Tyr Gly Asn Lys Glu
50 55 60
<210> SEQ ID NO 10
<211> LENGTH: 28
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: oligonucleotide Ppta-ack-NotI-F
<400> SEQUENCE: 10
gagcggccege aatatgatat ttatgtcece 28

<210> SEQ ID NO 11
<211> LENGTH: 28

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: oligonucleotide Ppta-ack-NdeI-R
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50

<400> SEQUENCE: 11

ttccatatgt ttcatgttca tttectece

<210> SEQ ID NO 12
<211> LENGTH: 2941

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 12

catatgagat

gttaaggagt

tcgattaaaa

gacctgateg

atggcgatgg

gaaatcgtee

atgaacgtcg

cagcaggege

gaaggggcat

cegtteaacy

cagtgetege

gccgaaacca

tggtcgaagg

tceggetecyg

gaagcgcgcet

gtaagctgca

aacctgatct

cactccgata

atctecteceg

gatgccgaag

ttgcegteegy

caggcegtgt

acctacgecec

gcccaggaaa

ggcggattca

gactacctge

gacgtcaacyg

gagattaaaa

aaaaaaaaaa

aagacgtgct

ccteecgegge

aagcgegtcea

tggcgcagac

cgaaaagatt

ggatcgaaga

tcgttaacgyg

accactttat

attcggtcaa

cgctgaccac

tcgagatgat

acgtcaccaa

ggcgcggatt

ccategeget

tggaagaagc

tcteegteta

gettectege

geteggaagt

gcatctacat

teggegtgec

gttegteget

tgcgtegtac

gttattccge

actttgacga

ttcgcgaaga

ttgccggaat

acggttcgaa

tcatcaataa

ccgacgtgge

atacctecege

actatgcegyg

acatccctygg

aaaaaaaaaa

cagcgagatg

gecccaggece

gggaacccag

cgtcaatatce

tgaagcactg

aggctttate

cgeggtgace

cgceccgetac

getggecaac

cgcgatgacyg

gatggcgatg

cgtcaaagat

tgacgaacag

getggtggge

caccgagetyg

cggcaccgag

ctegtectac

gcagatgggc

caccaaagcc

gtetgeggtyg

ggatctggag

cgegegecty

ggtgcegaac

ctacaacgtce

ggacgtcatce

ggggetgecg

agatatgceg

aaaccgcaac

ccaggacatg

gattatcgte

tccggcaacy

cgctettgat

aaaatggaaa

aagggcagcyg

acgccgeecyg

caggacgaag

gtcggeatcee

gcgaaacgcece

gcgatggaaa

gagctggacg

ggtatcaacc

atgctgtgeg

ccggcegaaaa

cagaaaatgc

aacccggtac

gaaaccaccyg

tcgcaggtag

aagcteggea

ccggtettta

gectetegeyg

tacgccgaag

gcgggcgtac

cctteeggea

tgcgecteca

ctgatgcagt

tacgacaaca

atccagcgeg

gccatcegta

ccgattaceg

gagcgcaaca

ggtctggaag

ctcaacatcc

dgcgacggge

ggctatcgee

cccaacgaga

ttaatgaaaa

ataaaccggt

ccggcgacgyg

tgattatcge

cgcataagag

codon optimized pddABD operon

ctgtgaatca

geccgaacga

ggaaaccggt

tgaaccgege

atccgaacgt

ttgtcgaagt

gegecegecg

agattgcege

ttgcggtage

gCCgtCngg

tgctgggeca

ccgacggega

ggctgaaaat

gcaaatccat

agggtctgea

ttcegegeggt

gcaacgacca

tcctgecgygy

tgttcgecegy

acctgaaggt

acaaagccge

atgaagaagt

tcgtcegaaga

tggtgaaagce

agaaagctaa

aggtgcetgte

tgcagggcga

ttgattaaaa

attgctgege

ctegtttaat

cttectgacy

cgteggeccey

cattttgege

ggacggctte

cccaaaaccg

aagcgatttt

cgaagaagtyg

taaacgcage

ggtttegeat

caccecegtec

cgacgecgec

gegetatgeg

cgtgctgacy

cacctgetac

cgacacgecg

gegetttace

getttatetg

aaacggttcc

gctggcggaa

gaccttcace

caccgacttt

ctccaacgaa

ggacggcggt

cegegegetyg

tgaagccgeg

catcaagttce

gctggcgcag

gctgaccggg

agccgtcaac

acgctgggaa

aaaaaaaaaa

cagataattg

gegecggegg

gaagtgggeg

gettteggee

gaagtcattg

28

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980



51

US 9,284,564 B2

52

-continued
ccggtattga agaagaaggc attaaggcgce gcgtgatteg ctgctttaaa tectcecgacg 2040
tggccttegt cgccgttgaa ggtaatcgce tgagcggcetce cggcatctet atcggcatcce 2100
agtcgaaagg caccacggtg atccaccage aggggctgece gecgetctet aacctggage 2160
tgtteccgea ggcgecgetyg ctgaccectgg aaacctateg ccagatcgge aaaaacgccyg 2220
ccegetatge gaaacgcgaa tcgccgeage cggteccgac getgaatgac cagatggege 2280
ggccgaagta ccaggcgaaa tcggccattt tgcacattaa agagaccaag tacgtggtga 2340
cgggcaaaaa cccgcaggaa ctgcgegtgg cgetttgaaa aaaaaaaaaa aaaaaaaaaa 2400
aaaaaaaaaa aaaatgaata ccgacgcaat tgaatcgatg gtacgcgacg tattgagccg 2460
catgaacagc ctgcagggcg aggcgectge ggeggceteeg geggetggeyg gegegtecceg 2520
tagcgecagg gtcagegact acccgetgge gaacaagcac ccggaatggyg tgaaaaccge 2580
caccaataaa acgctggacg actttacgct ggaaaacgtg ctgagcaata aagtcaccgc 2640
ccaggatatg cgtattaccc cggaaaccct gcgcttacag gecttctattg ccaaagacgce 2700
gggccgegac cggetggcega tgaacttcega gegegecgee gagctgacceg cggtaccgga 2760
cgatcgcatt cttgaaatct acaacgccct ccgecccctat cgctcgacga aagaggagct 2820
gctggcgate gecgacgate tcgaaagecg ctatcaggeg aagatttgeg ccgetttegt 2880
tcgcgaageg gecacgctgt acgtcgagcg taaaaaactc aaaggcgacg attaagaatt 2940
c 2941

<210> SEQ ID NO 13
<211> LENGTH: 344

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 13

aagcttataa

agtttaaggt

agctgatacg

cgactgagtce

tctaattteg

taagttaaat

ttatccttac

actactctgt

ggaacagagc

gcaatgttaa

gtttetegte

geggegactt

<210> SEQ ID NO 14
<211> LENGTH: 25

<212> TYPE:

DNA

gagacgccge

aagataacac

acggttggaa

tcagatataa

gatagaggaa

atctgttate

agtgcgcceca

agaaaacagc

agcgatgagt

ggtataagtt

agtgtctgaa

accacatttg

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: oligonucleotide 0g84f

<400> SEQUENCE: 14

aaacctcatt agaaggattg gagcc

<210> SEQ ID NO 15
<211> LENGTH: 25

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: oligonucleotide 0Og85r

<400> SEQUENCE: 15

gaaactggtg atacaccatc tgcta

gatagggtgt
caacctaacc
tacctaaaga
gtgtttactyg
acctctagta

taca

taagtcaagt

gaaaagcgaa

caatcgggta

aacgcaagtt

caaagaaagg

intron targeting region for diol dehydratase

60

120

180

240

300

344

25

25
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-continued

54

<210> SEQ ID NO 16

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: oligonucleotide fD1

<400> SEQUENCE: 16

ccgaattegt cgacaacaga gtttgatcet ggetcag

<210> SEQ ID NO 17

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: oligonucleotide rP2

<400> SEQUENCE: 17

ccegggatee aagcttacgg ctaccttgtt acgactt

<210> SEQ ID NO 18

<211> LENGTH: 684

<212> TYPE: DNA

<213> ORGANISM: Clostridium autoethanogenum

<400> SEQUENCE: 18

cgggerraww twaatttagg tagttatgga aataaagaga gtattegtca aatgctatta
aatagagcac ctaagtttgg taatgatata gatgaggttg atgatttage acgagaagcc
gecagtgcgee cagatagggt gttaagtcaa gtagtttaag gtactactct gtaagataac
acagaaaaca gccaacctaa ccgaaaageg aaagetgata cgggaacaga gcacggttgg
aaagcgatga gttacctaaa gacaatcggg tacgactgag tcgcaatgtt aatcagatat
aaggtataag ttgtgtttac tgaacgcaag tttctaattt cggtttcteg tcgatagagg
aaagtgtctyg aaacctctag tacaaagaaa ggtaagttaa atgeggcgac ttatctgtta
tcaccacatt tgtacaatct gtaggagaac ctatgggaac gaaacgaaag cgatgccgag
aatctgaatt taccawgact taacactaac tggggatacc ctaaacaaga atgcctaata
kaaaggagga aaaaggctat agcactagag cttgaaaatc ttgcaagggt acggagtact

cgtaktagte tgagwagggt aacgcccttt acatggmaar ggggtamwgt wawwgtktyce

twraattwaa wattrawtag ykat

<210> SEQ ID NO 19

<211> LENGTH: 1124

<212> TYPE: DNA

<213> ORGANISM: Clostridium autoethanogenum

<400> SEQUENCE: 19

tyttttcaat ctwggtgttg ctectgtetg tgatcccatt ggaacatttg cagaaacagg
ataaagtcct ggttggaatt gaccattacg tggattagtg tatttttcaa cttcattaca
gtaaattaag tgaagtaggg aggtaccgcce ttgttcacat tactgtgact ggtttgecacc
accctetteg ggaaccgtac gtaccectet cggagtatac ggetctgtta ttgttegtte
gtaaaaattc actgtcgaca ttcacttgtyg tttatgaatc acgtgacgat gacaatgaaa
gcatacaaca agagttttac gttgtttcege tatcattgec atttcccaac gegtgaagtt

cctattctet agaaagtata ggaacttcta tattgataaa aataataata gtgggtataa

ttaagttgtt agagaaaacg tataaattag gagggattca tatggaccca agagatgcetg

37

37

60

120

180

240

300

360

420

480

540

600

660

684

60

120

180

240

300

360

420

480
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gtgcttetgyg tgctggtatyg aacaaaaata taaaatattc tcaaaacttt ttaacgagtg 540
aaaaagtact caaccaaata ataaaacaat tgaatttaaa agaaaccgat accgtttacg 600
aaattggaac aggtaaaggg catttaacga cgaaactggc taaaataagt aaacaggtaa 660
cgtctattga attagacagt catctattca acttatcgte agaaaaatta aaactgaata 720
ctegtgtcac tttaattcac caagatattc tacagtttca attccctaac aaacagaggt 780
ataaaattgt tgggagtatt ccttaccatt taagcacaca aattattaaa aaagtggttt 840
tgaaagccat gcgtctgaca tctatctgat tgttgaagaa ggattctaca agegtmyttg 900
gwtattcacc raacwctakg gttgetcettg cacactcagt ctecgattyac aattgcttaa 960
gctgccwscg aatgctttcew cctaaacaaa ktaammgtgt cttataawac ttwecescwt 1020
aycacwgatg ttccarataa awtggaakct attacgtact tgttcaaatg kgtcatcaar 1080
mywckcatsg tamtaaatcr tytmwcagca tgmacrscma kkaa 1124
<210> SEQ ID NO 20
<211> LENGTH: 1279
<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 20
cggggcarra awtwatttag gtagttatgg aaataaagag agtattcgtc aaatgctatt 60
aaatagagca cctaagtttg gtaatgatat agatgaggtt gatgatttag cacgagaagce 120
cgcagtgege ccagataggg tgttaagtca agtagtttaa ggtactactc tgtaagataa 180
cacagaaaac agccaaccta accgaaaagc gaaagctgat acgggaacag agcacggttg 240
gaaagcgatyg agttacctaa agacaatcgg gtacgactga gtcgcaatgt taatcagata 300
taaggtataa gttgtgttta ctgaacgcaa gtttctaatt tcggtttctce gtcgatagag 360
gaaagtgtct gaaacctcta gtacaaagaa aggtaagtta aatgcggcga cttatctgtt 420
atcaccacat ttgtacaatc tgtaggagaa cctatgggaa cgaaacgaaa gcgatgccga 480
gaatctgaat ttaccaagac ttaacactaa ctggggatac cctaaacaag aatgcctaat 540
agaaaggagg aaaaaggcta tagcactaga gcttgaaaat cttgcaaggyg tacggagtac 600
tcgtagtagt ctgagaaggg taacgccectt tacatggcaa aggggtacag ttattgtgta 660
ctaaaattaa aaattgatta gggaggaaaa cctcaaaatyg aaaccaacaa tggcaatttt 720
agaaagaatc agtaaaaatt cacaagaaaa tatagacgaa gtttttacaa gactttatcg 780
ttatctttta cgtccagata tttattacgt ggcgacgcegt gaagttccta tactttctag 840
agaataggaa cttcgcgact catagaatta tttcctceeg ttaaataata gataactatt 900
aaaaatagac aatacttgct cataagtaac ggtacttaaa ttgtttactt tggegtgttt 960
cattgcttga tgaaactgat tttagtaaac agttgacgat atctcgattg acccatttga 1020
aacaaagtac gtatatagct tcatatttat ctgaacatct gtggtatggc ggtagtttat 1080
agacctgtta ctttggttta gatgaagcat cgctgcagct agcatgctga tcgagactga 1140
kkkcaagaca cctatgttcg kgaawtcagt asctkgatcy tctcemmmacw cratwaagtc 1200
arcatggctt cgaacactta gaatttggty twwgkgagat tcgaataacc gtgtgttaga 1260
aktacytsaa aacctctga 1279

<210> SEQ ID NO 21
<211> LENGTH: 1297
<212> TYPE: DNA

<213> ORGANISM: Clostridium autoethanogenum
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<400> SEQUENCE: 21
agggggtyag ctttttette atctggtgtt getcctgtet gtgatcccat tggaacattt 60
gcagaaacag gataaagtcce tggttggaat tgaccattac gtggattagt gtatttttca 120
acttcattac agtaaattaa gtgaagtagg gaggtaccge cttgttcaca ttactgtgac 180
tggtttgcac caccctecttce gggaaccgta cgtacccecte teggagtata cggetetgtt 240
attgttcgtt cgtaaaaatt cactgtcgac attcacttgt gtttatgaat cacgtgacga 300
tgacaatgaa agcatacaac aagagtttta cgttgttteg ctatcattgce catttcccaa 360
cgegtgaagt tcctattcecte tagaaagtat aggaacttcet atattgataa aaataataat 420
agtgggtata attaagttgt tagagaaaac gtataaatta ggagggattc atatggaccce 480
aagagatgct ggtgcttetg gtgctggtat gaacaaaaat ataaaatatt ctcaaaactt 540
tttaacgagt gaaaaagtac tcaaccaaat aataaaacaa ttgaatttaa aagaaaccga 600
taccgtttac gaaattggaa caggtaaagg gcatttaacyg acgaaactgyg ctaaaataag 660
taaacaggta acgtctattg aattagacag tcatctattc aacttatcgt cagaaaaatt 720
aaaactgaat actcgtgtca ctttaattca ccaagatatt ctacagtttc aattccctaa 780
caaacagagg tataaaattg ttgggagtat tccttaccat ttaagcacac aaattattaa 840
aaaagtggtt tttgaaagcc atgcgtctga catctatctyg attgttgaag aaggwttcta 900
caagcgtace ttggatattc accgaacact agggttgcte ttgcacactc aagtctcgat 960
tcagcaattg cttaagctgc cagcggaatg ctttcatcct aaaccaaagt aaacagtgtce 1020
tataaactta cccgcatacc acagatgttc cagataatat tggagctata tacgtacttt 1080
gttcaaatgg tcatcgagaa tatcgtcact gttactaaaa tcagttcatc agcatgaamm 1140
gccagtaaca ttagtacgtt acttatgrca rgwttgcyat tttaagtwtc twtawtacgg 1200
gagaatattc wgagtcsgag ttctattyct gagwtgactce acgtkcgcag ataaaatckg 1260
acctagarac gtataggact ttgactataa ctsctgce 1297
<210> SEQ ID NO 22
<211> LENGTH: 754
<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 22
cgggcasagc ctwacaymtk asaakycska wsmmggkasc cgtaagcttg gatcccggga 60
ygacgggtga gtaacmsgkg ggtraccwac sycrrrgagg gggatagcct cccsaawggg 120
akattaatac cscataataw tcagttttcew catggagact gatttaaagyg agtaatccgy 180
tttgagatgg acccgeggceg cattagetwk ttggtagggt aacggcctac caaggcgack 240
atgcgtagece gacctgasag ggtgatcegge cacattggaa ctgasagacyg gyccasacte 300
ctacgggagg cascagtggg gaatattgca caatgggcga aagcctgatyg cagcaacgcce 360
gegtgagtga agaaggtttt cgrattgtaa agctctgtcet ttggggacga taatgacggt 420
accsaaggag gaagcemegg staactacgk gecascagece keggtaatac rtaggtggeg 480
agegttgtee ggaattactg ggcgtaaaga gtgcgtakge ggatatttaa gtgagakgtg 540
raatacccgg gcttaaccceg ggywetgywt ttcamaykgg atatcwakag tgcgggagag 600
gagawtggaa ktccwagkgt agcggtgaar tgcgtarasa tymgraasaa maycwktwkce 660
gwwkgcgatt ctewgkacer trrytgayrc tgaggytcga aascgtgggt akcaaacwgm 720
attawatacy ctggtastcc acsyygtwaa cgtg 754
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<210> SEQ ID NO 23
<211> LENGTH: 885
<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 23
cattagggcc stcskacycc kwagyccrwe kragccrgga tcaarcmctg ttgtcgacka 60
attcggrctm tcatggwtsw racksgskkk gygwacaagg cccgggaacg tattcaccgce 120
gacattctga ttcgcgatta ctagcaactc caacttcatg taggcgagtt tcagectgea 180
atccgaactyg ggggcagttt ttgaggtttg ctecaccttyg cggtettget tctcetcetgta 240
ctgcecattyg tagcacgtgt gttgcectgg acataagggg catgatgatt tgacgtcate 300
cccaccttee tccgegttaa ccgcggeagt cttgctagag tgctcaayta awtgttagea 360
actaacaaca ggggttgcge tcgttgcagg acttaaccta acatctcacyg acacgagcetg 420
acgacaaccw tgcaccacct gtwtcectge cecgaagggy ttcetettate tctaagatat 480
tcagggtatg tcaagtccag gtaaggttcet tegegttget tceraattaaa ccacatgcete 540
cgetgettgt gegggeccce gtcaattect ttgagtttta atcttgcegat cgtacttcece 600
aggcggagta cttattgtgt twactgegke acaraaggrg tcgataccte ctacayctag 660
tactcatcgt ttacggecgtg kactaccakg gtatctaatc ctgtttgectm cccaykettt 720
cktgccwecak cgtcwrttac rktcmaakaa tcsccttyge cwetggtgtt ttccwaatct 780
ctaskkwtty ackgsamwyt agsaattcct tytccteyce cgymeyctar atatceyrtt 840
tgaatgcagt gmcmwgrtaa mcccggkatt mmawctytmt taatt 885
<210> SEQ ID NO 24
<211> LENGTH: 1005
<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 24
agcagggcar gcctwacacm tkasaakycs krwssmggka gccgtaagct tggatcccegg 60
gaygacgggt gagtaacrsg kgggtraccw acsycrrrga gggggatagc ctcccsaawyg 120
ggakattaat accscataat aatcagtttt cwcatggaga ctgwtttaaa ggagtaatcce 180
gytttgagat ggacccgegg cgcattaget wkttggtagg gtaacggect accmaggcega 240
ckatgegtag ccgacctgas agggtgatcg gecacwttgg aactgasaga ckgtccasac 300
tcctacggga ggcagcagtyg gggaatattg cacaakggge gaaagcctga tgcascaacg 360
cecgegtgagt gaagaaggtt ttcggattgt aaagectctgt ctttggggac gatratgacg 420
gtaccsaagyg aggargcceme ggstaactac gkgccascmk cecgceggtaat acgtasgtgg 480
cgagegttgt ccggaattac tgggcgtaaa gagtgcgtag geggatattt aagtgagatg 540
tgaaatacce gggcttaacce ygggywetge atttcaaact ggatatctag agtgegggag 600
aggagaatgg aattcctagt gtagcggtga aatgcgtaka sattakgaag aacaccaktg 660
gcgaaggcga ttytctggac cgtractgay gctgakgcac gaaagegtgg gtakcaaaca 720
ggattagata cyctggtagt ccacrccgta aacgatgagt actkggtgta ggaggtwteg 780
acccettmtyg tgccgcakta aacacwataa ktactccgece tggaawgtac gatcgcaakw 840
twaaawctca arggakttga cgggggcscg cwcecwagcakce ggagcawgtk gkttaattys 900
arcwegyraa samcttacct ggamytkacw wmectkmatw yttwaraswt agwgyrscct 960
tsrggsaggg awrrwkksgt gtrtgttsck cakwycgtyt rtaag 1005
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<210> SEQ ID NO 25
<211> LENGTH: 1117
<212> TYPE: DNA
<213> ORGANISM: Clostridium autoethanogenum
<400> SEQUENCE: 25
ccecgewgycer tagceykyskm kwckwagkyr wckragmerr gatcaarctc tgttgtcgac 60
raattcggac tmtcakggtg wgacgggsgg kgtgwacaak gcccgggaac gtattcaccg 120
cgacattctg attcgegatt actagcaact ccaacttcat gtaggcgagt ttcagectge 180
aatccgaact gggggcagtt tttgaggttt getccacctt geggtettge ttcetetetgt 240
actgcccatt gtagcacgtg tgttgecectg gacataaggg gcatgatgat ttgacgtcat 300
ccccacctte ctceegegtta accgeggeag tettgctaga gtgctcaact aaatgttage 360
aactaacaac aggggttgcg ctcgttgcag gacttaacct aacatctcac gacacgagcet 420
gacgacaacc atgcaccacc tgtatccctg ccccgaaggg yttetettat ctctaarata 480
ttcagggtat gtcaagtcca ggtaaggttce ttegegttge ttcraattaa accacatget 540
cegetgettyg tgcgggecce cgtcaattee tttgagtttt aatcttgega tcegtacttcee 600
caggcggagt acttattgtg tttactgegg cacagaaggg gtcgatacct cytacaccta 660
gtactcatecg tttacggcgt ggactaccag ggtatctaat cctgtttget acccacgett 720
tegtgectea kegtcagtta cggtccagag aatcgcectte gecactggtyg ttcttectaa 780
tctctacgea tttmaccget acactaggaw tycmttctee tceteccgcac tctagatate 840
vagtttkaaa tgcagtgccce gggttaagec cgggtattte acatctcact waatatccge 900
ctacgcacte kttmegecca gtaatyccga macgctcegem yctacgtatt acgeggytge 960

tgcacgtagt tagccgkgct tyctcttggg tmccgtmmtt ayskycccaa kamagagctt 1020
tacaatckga aacyttcttm wytcmksmgs gtgctgmtag cttygycwtg kgcaawatcc 1080

mmtgcgceeyy cgatgakytg rwcectgyctma ktyaagt 1117

<210> SEQ ID NO 26

<211> LENGTH: 3566

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: C. autoethanogenum diol dehydratase operon
codon optimized for E. coli

<400> SEQUENCE: 26

atttcacaca ggaaacagac catgaatgac gtgctgaata aactgtatac cgccaatcag 60
agcaaacgca ttgaaaaact gaccaacgat ctgtatageg tgacaccgga aattgaagca 120
cagcgtgcag ttctgattac cgaaagettt aaagaaaccyg aagcctacce gatgattatt 180
cgtegtgcaa aagcactgga aaaaatcctg aacgaaatgg atattgtgat ccgtgatgaa 240
gaactgattyg ttggcaatct gaccaaaaaa ccgcgtgcag caagcatttt tccggaattt 300
agcaataaat ggctgctgga agaatttgat accctggcaa aacgtaccgyg tgatgttttt 360
ctgattageg aggatgttaa aagccagetg cgtgaagttt tcaaatattyg ggatggtaaa 420
accaccaatg aactggcaac cgaatatatg tttagcgaaa ccaaagaagc aatggaagca 480
ggcgttttta ccgttggcaa ctattatttc aatggcattg gtcatatcag cgtggattat 540
gcaaaagttc tgagcaaagg ctttaacggc attattgaag atgccgaaag cgaaaaagca 600
aaagcagata aagccgatcc ggattatatc aaaaaagatc agtttctgac cgcagtgate 660

attaccagca aagccgttat caaatttgca cgtegttttg cagaactgge acgtaatctg 720



63

US 9,284,564 B2

-continued
gcaagccaga gcectggatag ccgtegtegt gaggaactga tgcagattgce agaaaattgt 780
cagtgggtgce cggaacgtcc tgcacgtacce ttttatgaag cactgcagag cttttggttt 840
gtgcagagca ttattcagat tgaaagcaac ggtcatagca ttagcccgat gegttttgat 900
cagtatatgt acccgtactt caaaaaagac gttagcaatg gtctgatcac ccaagaaaaa 960
gcacaagaac tgctggattg tctgtgggtc aaattcaatg atgtgaacaa agttcgtgat 1020
gagggtagca ccaaagcatt tggcggttat ccgatgtttc agaatctgat tgtgggtgge 1080
cagacaattg atggtcgtga tgcaacaaat gaactgagct ttatgtgtct ggaagcaacc 1140
gcacatacca aactgccgca gccgagcatt agcattcgtg catggaataa aacaccggat 1200
gaactgctge tgaaagcagc agaagttacc cgtctgggte tgggtatgcec tgcctattat 1260
aacgatgaag ttattattcc gagcctgacce agccgtggtce tgaccctgga agatgcacgt 1320
gattatggta ttattggttg tgttgaaccg cagaaaggtyg gcaaaaccga aggttggcat 1380
gatgcagecct ttttcaatat tgttaaagtg ctggaaatca ccatcaacaa cggtatggat 1440
aacggtaaac aaattggtct gcgcaccggt gattttacca gectttaccag ttttgagaaa 1500
ctgttcgatg cctacaaact gcagatggaa tattttgtga aactgctggt gaatgccgat 1560
aattcagttg atctggcaca tggtgaacgt gcaccgctgce cgtttctgag cagcatggca 1620
gatgattgta ttgcacgtgg taaaagcctg caagaaggtyg gcgcacatta taactttacc 1680
ggtccgcagg gtgttggtgt tgcaaatgca gcagatagcc tggaagccat caaaaaactg 1740
gtgttcgagg acaaaaaaat caccctgcag gatctgaaaa atgccctgga taccaatttt 1800
ggcgagtgca aaaaaaaccc gattagcgaa ctggccaata gcattaatga agtgggtgat 1860
atgaaaggcce tgactccgga aaccattctg aaagttatcg aaaaactgct gagcgaagag 1920
aaaaaaacca gtctggaagg tctggaaccg ggtaaagata tcaatctggg tagctatggt 1980
aacaaagaaa gcattcgtca gatgctgctg aatcgtgcac cgaaatttgg caatgatatt 2040
gatgaagttg atgacctggc acgtgaagca gcactgattt attgtaacga agtggaaaag 2100
tataccaatc cgcgtaatgg ccagtttcag cctggtetgt atccggttag cgcaaatgtt 2160
ccgatgggta gccagaccgg tgcaactcceg gatggtcegta aagccggtga accgetggea 2220
gatggtgtta gtccggtgag tggccgtgat geccatgggte cgaccgcagce agcaaatagce 2280
gttgcaaaaa ttgatcattg caaagccagc aatggcaccc tgtttaacca gaaatttcat 2340
ccgagcgcac tggaaggcca gacaggtctg cagaatctgt caagcctggt tegtacctte 2400
tttgatgaga aaggtctgca tgttcagttt aatgttgtta gccgtgaaac cctgctggat 2460
gcacagaaaa atccggaaaa ttatcgcaat ctggttgttc gtgttgcagg ttatagcgca 2520
cattttacct cactggataa aagcattcag gacgatatta tcaaacgcac cgaacacacc 2580
ttttaaagct ttttatagga ggaaaagtta tgctgaacta ccaggtgaac ctggataaaa 2640
aaggcatcat ctttgatatc cagcgcttta gcgttcatga tggtccgggt attcgtacca 2700
ttgttttttt caaaggttgt ccgctgagct gtegttggtg tagcaatccg gaatcacagt 2760
gtatggaacc gcaggtaatg tttattccgt caaaatgcat tggctgcaaa aaatgttatg 2820
aggtgtgcag caatggtgcc atcgatttta atctgccgag ccgtgttgat cagaataaat 2880
gtgttaaatg cggcaaatgc gtggaaaatt gttatgccgg tgcactgaat ctggcaggta 2940
atacccgtac cgttaaagag ctgctgctgg aactgaaaaa agacaacatc tattatcgtce 3000
gtagcggtgg tggtattacce ctgagtggtg gtgaagttac cgcacagccg gaatttgcag 3060
aggaactgct gaaaggttgt aaacagaatg gctggcatac cgcaattgaa accgcagcat 3120
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ttaccagcca gagcgttetg gaacgtatge tgcecgtgget ggatctggtt atgctggata 3180
ttaaacatat ggacgccaac aaacacctgg aatataccgg taaaccgaac gaactgatcc 3240
tgcaaaatgc aaaactgatt gcacagtttg gtgttcagct gattatccgt gttceccggtga 3300
ttecctggtgt taatagtgat gaaaacaata ttcgtgccac cgccaatttt gcaaccagcece 3360
tgaaaagcgt gaaagaactg catctgctge cgtatcatcg tctgggtgaa aacaaatatg 3420
aatatctggg ccacgattac atcatgaaag gactgcagcc tccgacaaaa gaagaaatca 3480
ataaactgaa agaactggtg gaagaatgcg gtctgatttg taaagtgggt ggcattgatt 3540
aaagcttgge tgttttggeg gatgag 3566
We claim: 10. The microorganism of claim 2, wherein the microor-

1. A recombinant microorganism comprising heterologous
nucleic acids encoding (a) the stereospecific diol dehydratase
of SEQ ID NO: 1, and (b) the activase of SEQ ID NO: 2.

2. A recombinant Clostridum autoethanogenum microor-
ganism comprising nucleic acids encoding (a) the stereospe-
cific diol dehydratase of SEQ ID NO: 1, and (b) the activase
of SEQ ID NO: 2, wherein the microorganism has been
genetically modified to increase the expression of the nucleic
acids encoding the stereospecific diol dehydratase and acti-
vase compared to the unmodified wild-type Clostridum auto-
ethanogenum.

3. A recombinant Clostridum autoethanogenum microor-
ganism comprising nucleic acids encoding (a) the stereospe-
cific diol dehydratase of SEQ ID NO: 1, and (b) the activase
of SEQ ID NO: 2, wherein the microorganism has been
genetically modified to increase the copy number of the
nucleic acids encoding the stereospecific diol dehydratase
and activase compared to the unmodified wild-type Clostri-
dum autoethanogenum.

4. The microorganism of claim 1, wherein the microorgan-
ism produces one or more of propan-2-one, propan-2-ol, pro-
panal, and propan-1-ol.

5. The microorganism of claim 1, wherein the microorgan-
ism further comprises an endogenous or exogenous alcohol
dehydrogenase.

6. The microorganism of claim 5, wherein the alcohol
dehydrogenase is a secondary alcohol dehydrogenase.

7. The microorganism of claim 2, wherein the microorgan-
ism further comprises a disruption in an endogenous alcohol
dehydrogenase gene.

8. The microorganism of claim 7, wherein the alcohol
dehydrogenase is a secondary alcohol dehydrogenase.

9. The microorganism of claim 2, wherein the microorgan-
ism produces one or more of propan-2-one, propan-2-ol, pro-
panal, and propan-1-ol.
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ganism further comprises an endogenous or exogenous alco-
hol dehydrogenase.

11. The microorganism of claim 10, wherein the alcohol
dehydrogenase is a secondary alcohol dehydrogenase.

12. The microorganism of claim 3, wherein the microor-
ganism comprises a disruption in an endogenous alcohol
dehydrogenase gene.

13. The microorganism of claim 12, wherein the alcohol
dehydrogenase is a secondary alcohol dehydrogenase.

14. A method of producing a product comprising culturing
the microorganism of claim 1 in the presence of a substrate
and propane-1,2-diol whereby the microorganism produces
one or more of propan-2-one, propan-2-ol, propanal, and
propan-1-ol.

15. The method of claim 14, wherein the propane-1,2-diol
is one or both of (R)-propane-1,2-diol and (S)-propane-1,2-
diol.

16. The method of claim 14, wherein the substrate com-
prises one or more of sugar, starch, cellulose, biomass, syn-
gas, glycerol, and CO-containing gas.

17. A method of producing a product comprising culturing
the microorganism of claim 2 in the presence of a substrate
and propane-1,2-diol whereby the microorganism produces
one or more of propan-2-one, propan-2-ol, propanal, and
propan-1-ol.

18. The method of claim 17, wherein the propane-1,2-diol
is one or both of (R)-propane-1,2-diol and (S)-propane-1,2-
diol.

19. The method of claim 17, wherein the substrate com-
prises one or more of sugar, starch, cellulose, biomass, syn-
gas, glycerol, and CO-containing gas.
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